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Abstract 

Dysfunctional mitochondria have been suggested to contribute to a number of 

neurodegenerative diseases including some of the most prevalent such as amyotrophic lateral 

sclerosis (ALS) and Parkinson’s disease (PD). Our studies focused on two proteins, CHCHD10 

and CHCHD2, which have been linked to ALS and PD, respectively. CHCHD10 and CHCHD2 

are paralogues, belonging to the CX9C family of proteins that primarily localize to the 

mitochondrial intermembrane space. Our first two studies focused on the investigation of the 

function of CHCHD10, using a fibroblast cell line from an ALS patient, harbouring the p.R15L 

variant. Patient fibroblasts presented with a variety of mitochondrial defects: (1) lower levels of 

complex I, (2) mitochondrial hyperfusion and (3) a growth defect in galactose. This phenotype 

could be rescued by expression of the wild-type CHCHD10 protein suggesting that it is 

haploinsufficient. Analysis of the patient cells in medium in which glucose is replaced by 

galactose, forcing cells to rely on oxidative phosphorylation as an energy supply, revealed 

deficits in energy production and imbalances in the NADH/NAD+ ratio as well as dysregulation 

of the nucleotide producing one-carbon cycle. Moreover, the change in nutrient supply activated 

the integrated stress response in the ER as well as the unfolded protein response in mitochondria 

and resulted in an increase in FGF21 and GDF15, two biomarkers previously associated with 

mitochondrial disease caused by mutations in mitochondrial DNA. We discovered protein-

protein interactions between CHCHD10, CHCHD2 and C1QBP/p32, and identified a high 

molecular weight complex containing CHCHD10 and CHCHD2 that was not present in patient 

cells.  

The third study analysed the effects of two different pathogenic variants of CHCHD2, 

p.T61I and p.R145Q, as well as the CRISPR-Cas9 mediated knockout of CHCHD2 in 

fibroblasts. The loss of CHCHD2 resulted in altered mitochondrial morphology, decreased levels 

of oxidative phosphorylation complexes, disassembly of complex V and an accumulation of 

CHCHD10 in the high molecular weight complex. Expression of wild-type CHCHD2, but not 

the pathogenic variants, rescued the OXPHOS phenotype as well as the complex formation with 

CHCHD10. The more hydrophobic CHCHD2 p.T61I variant caused an accumulation of 

CHCHD2 and CHCHD10 at a high molecular weight, perhaps suggesting that it is prone to form 

aggregates. Moreover, we identified short forms of CHCHD2, but not CHCHD10. Levels of 
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CHCHD10 as well as all long and short forms of CHCHD2 increased when cells were exposed 

to different stress conditions. Transcript and protein levels of RNA binding proteins showed the 

largest changes in cells expressing wildtype or pathogenic variants compared to knockout cell 

lines. Interestingly, we discovered additional interaction partners of CHCHD2 in DNA/RNA 

binding proteins outside of mitochondria (ALYREF, YBX1, CHTOP, LBR), an interaction that 

was lost or significantly reduced when CHCHD2 p.T61I and p.R145Q variants were expressed, 

suggesting that CHCHD2 may play an important function outside mitochondria. 

Overall, our findings contribute to a better understanding of the molecular mechanisms 

underlying CHCHD10 and CHCHD2 related disorders in ALS and PD patients, while providing 

detailed insights into the mitochondrial dysfunction of pathogenic variants of these proteins. 
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Résumé 
Il a été montré qu’une dysfonction mitochondriale pouvait contribuer à la physiopathologie 

de certaines maladies neurodégénératives, comme la sclérose latérale amyotrophique (SLA) et la 

maladie de Parkinson (MD). Nos études se sont concentrées sur deux protéines, CHCHD10 et 

CHCHD2, qui ont été liées à la SLA et la MD, respectivement. CHCHD10 et CHCHD2 sont des 

gènes paralogues, codant pour des protéines appartenant à la famille CX9C, qui se localisent 

généralement dans l'espace inter membranaire mitochondrial. Nos deux premières études se sont 

concentrées sur la fonction de CHCHD10, en utilisant une lignée cellulaire de fibroblastes issue 

d'un patient SLA p.R15L. Ces fibroblastes présentent plusieurs défauts mitochondriaux : (1) un 

niveau bas de complexe I, (2) une hyperfusion mitochondriale et (3) un défaut de croissance en 

présence de galactose. Ce phénotype est sauvé par l'expression de la protéine CHCHD10 de type 

sauvage, suggérant une haplo insuffisance. L'analyse des fibroblastes de patient en présence de 

galactose, forçant ainsi les cellules à s'appuyer sur la phosphorylation oxydative comme source 

d'énergie, a révélé un déficit de production d'énergie, un déséquilibre du rapport NADH/NAD+, 

ainsi qu'une dérégulation des nucléotides participant à la production des métabolites à un 

carbone. Ce changement de nutriment active la réponse au stress du réticulum endoplasmique, 

ainsi que la réponse au stress de la mitochondrie. Ceci entraîne une augmentation de FGF21 et 

GDF15, deux biomarqueurs précédemment associés aux maladies mitochondriales causées par 

des mutations de l'ADN mitochondrial. Nous avons de plus découvert une interaction protéique 

entre CHCHD10, CHCHD2 et C1QBP/p32, et identifié un complexe de poids moléculaire élevé 

contenant CHCHD10 et CHCHD2, qui est absent dans les cellules de patient. 

La troisième étude concerne les effets de deux variants pathogènes de CHCHD2, p.T61I et 

p.R145Q, ainsi que l’invalidation de CHCHD2 par CRISPR-Cas9 dans les fibroblastes.  

L’absence de CHCHD2 entraîne une modification de la morphologie mitochondriale, une 

diminution des niveaux des complexes de la phosphorylation oxydative, le désassemblage du 

complexe V et une accumulation de CHCHD10 dans le complexe de haut poids moléculaire. La 

réexpression de CHCHD2 de type sauvage, mais pas des variants pathogènes, sauve le 

phénotype de la chaine respiratoire ainsi que la formation du complexe avec CHCHD10. Le 

variant CHCHD2 p.T61I, plus hydrophobe, entraine une accumulation de CHCHD2 et 

CHCHD10 dans un complexe de poids moléculaire très élevé, suggérant une tendance à former 

des agrégats. Nous avons de plus identifié des formes plus courtes de CHCHD2. Les niveaux de 
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toutes les isoformes de CHCHD2 ainsi que de CHCHD10 augmentent lorsque les cellules sont 

exposées à différents stress. En comparant le transcriptome et le protéome des cellules sauvages 

à celui des cellules mutantes ou invalidées, nous avons observé que les niveaux d’ARN et de 

protéine des protéines de liaison à l'ARN sont les plus dérégulés. Nous avons de plus découvert 

d’autres partenaires de CHCHD2 en dehors de la mitochondrie, impliqués dans la liaison à 

l’ADN ou l’ARN (ALYREF, YBX1, CHTOP, LBR). Ces interactions sont perdues, ou 

significativement réduites lorsque CHCHD2 p.T61I et p.R145Q sont exprimées, suggérant que 

CHCHD2 puisse jouer un rôle important en dehors de la mitochondrie. 

Dans l'ensemble, nos résultats contribuent à une meilleure compréhension des mécanismes 

physiopathologiques liés à CHCHD10 et CHCHD2 chez les patients SLA et PD, tout en 

fournissant des informations détaillées sur les dysfonctions mitochondriales dues aux variants 

pathogènes. 
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1. Introduction 
 

Neurodegenerative diseases are a heterogeneous group of debilitating diseases causing a 

progressive degeneration of different types of neurons, resulting primarily in problems with 

movement or mental capabilities. The pathogenesis of the most common neurodegenerative 

diseases, like Alzheimer’s, Parkinson’s disease (PD), Amyotrophic lateral sclerosis (ALS) and 

frontotemporal dementia (FTD), have been linked to mitochondrial dysfunction (Park et al., 

2018, Smith et al., 2019). Recently, two homologous mitochondrial proteins of unknown 

function (coiled-helix coiled-helix domain containing protein 10/2, CHCHD10/ CHCHD2) have 

been associated with ALS, FTD and PD. While CHCHD10 is associated with ALS and FTD 

(Bannwarth et al., 2014, Chaussenot et al., 2014, Chio et al., 2015, Dols-Icardo et al., 2015, 

Johnson et al., 2014, Kurzwelly et al., 2015, Muller et al., 2014, Ronchi et al., 2015, Ryan et al., 

2019, Shen et al., 2017, Zhang et al., 2015, Zhou et al., 2017a), CHCHD2 has been found to 

cause primarily PD when mutated (Foo et al., 2015, Funayama et al., 2015, Ikeda et al., 2017, 

Imai et al., 2019b, Jansen et al., 2015, Koschmidder et al., 2016, Lee et al., 2018, Li et al., 2016, 

Nicoletti et al., 2018, Ogaki et al., 2015, Shi et al., 2016, Wu et al., 2016).  

 

1.1 CHCHD10 is a mitochondrial protein linked predominantly to ALS-FTD 

Amyotrophic lateral sclerosis is a neurodegenerative disease affecting motor neurons in the 

brain and the spinal cord. Only 10% of ALS cases are familial and the majority is inherited in an 

autosomal dominant fashion, the other 90 % are sporadic and without a known cause (Mathis et 

al., 2019). To date, mutations in over 20 genes have been discovered to cause ALS, from which 

solely superoxide dismutase 1 (SOD1) shows partial mitochondrial localization. In 2014, through 

whole exome sequencing in a French and Spanish family with ALS, frontotemporal dementia-

like cognitive decline, and mitochondrial myopathy, the CHCHD10 p.S59L variant identified 

(Bannwarth et al., 2014, Chaussenot et al., 2014). CHCHD10 was the first ALS-linked protein 

predicted to be exclusively a mitochondrial protein. Frontotemporal dementia is often linked to 

ALS; however, it is considered a clinically distinct adult-onset neurodegenerative disease.  
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Table 1.1 Gene variants of CHCHD10 identified in human neurological disorders. Variant investigated in this thesis 

is highlighted in red. 

Gene 
variants 

Amino acid 
changes 

Human disease Age of 
onset 

Ethnicity # of 
cases 

References 

c.34C>T p.Pro12Ser ALS 58 Spanish 1 (Dols-Icardo et al., 2015) 
c.43C>A 
with 
c.172G>C 

p.Arg15Ser with 
p.Gly58Arg 

ADMM first 
decade 

Hispanic 15 (Ajroud-Driss et al., 2015, 
Heiman-Patterson et al., 
1997) 

c.44C>A p.Arg15Leu Familial ALS 35-73 German, 
USA 

13 (Johnson et al., 2014, 
Muller et al., 2014) 

Sporadic ALS 54 Caucasian 1 (Zhang et al., 2015) 
c.64C>T p.His22Tyr Sporadic FTD 54 Chinese 1 (Jiao et al., 2016) 
c.67C>A p.Pro23Thr Familial FTD 50 Italian 1 (Zhang et al., 2015) 
c.67C>T p.Pro23Ser Sporadic FTD 66 Chinese 1 (Jiao et al., 2016) 
c.68C>T p.Pro23Leu Sporadic FTD 52 Chinese 1 (Jiao et al., 2016) 
c.71G>A p.Pro24Leu FTD ? Chinese 1 (Che et al., 2017) 
c.89C>T p.Ser30Leu Sporadic PD 42 Chinese 1 (Zhou et al., 2017b) 
c.95C>A p.Ala32Asp Sporadic FTD 76 Chinese 1 (Jiao et al., 2016) 
c.100C>T  p.Pro34Ser ALS/FTD 59-67 French 2 (Chaussenot et al., 2014) 

Sporadic ALS 44-75 Italian 4 (Chio et al., 2015, Ronchi 
et al., 2015) 

PD ? Caucasian 1 (Zhang et al., 2015) 
Alzheimer’s 
disease 

? Caucasian 2 (Zhang et al., 2015) 

  FTD, ALS  Belgian 17 (Perrone et al., 2017) 
c.104C>A p.Ala35Asp Sporadic FTD 51 Italian 1 (Zhang et al., 2015) 
  Sporadic late 

onset AD 
86 Chinese 1 (Xiao et al., 2017) 

c.170T>A p.Val57Glu Sporadic FTD 60 Chinese 1 (Jiao et al., 2016) 
c.176C>T p.Ser59Leu ALS/FTD, 

Cerebellar sign, 
Parkinsonism 

49-67 French 9 
 

(Bannwarth et al., 2014, 
Chaussenot et al., 2014) 

  FTD and FTD-
ALS 

57 Spanish 1 (Chaussenot et al., 2014) 

c.197G>T 
 
 
? 

p.Gly66Val 
 
 
p.Gly66Ser 

Familial ALS 35-73 Finnish 1 (Muller et al., 2014) 
SMAJ 14-72 Caucasian 55 (Penttila et al., 2015) 
CMT2 
ALS 

30-55 
? 

European 
? 

12 
1 

(Auranen et al., 2015) 
(Lehmer et al., 2018) 

c.239C>T p.Pro80Leu Sporadic ALS 25-59 Italian 3 (Ronchi et al., 2015) 
Familial ALS 43 Caucasian 1 (Zhang et al., 2015) 

c.244C>T p.Glu82X FTD 58 Spanish 1 (Dols-Icardo et al., 2015) 
c.275A>G p.Tyr92Cys Sporadic ALS 54±12 Chinese 1 (Zhou et al., 2017a) 
c.306G>C p.Gln102His Sporadic ALS 54±12 Chinese 1 (Zhou et al., 2017a) 
c.322C>T 
 
? 
? 

p.Gln108Pro/Gln 
108X 
p.Cys122Arg 
p.Glu127Lys 

FTD, PD 
 
ALS 
ALS 

48 
 
? 
? 

Belgian 
 
? 
? 

1 
 

1 
1 

(Perrone et al., 2017) 
 
(Lehmer et al., 2018) 
(Lehmer et al., 2018) 

PD = Parkinson’s disease; AD = Alzheimer’s disease; FTD = frontotemporal dementia; ALS = amyotrophic lateral 

sclerosis; SMAJ = spinal motor neuropathy Jokela type; CMT2 = Charcot Marie Tooth neuropathy type 2; ADMM 

= autosomal dominant mitochondrial myopathy 
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Subsequently, other cohorts were screened for CHCHD10 mutations and were found 

(Table 1.1) to be a cause for sporadic and familial ALS often associated with FTD (Chio et al., 

2015, Dols-Icardo et al., 2015, Johnson et al., 2014, Kurzwelly et al., 2015, Muller et al., 2014, 

Ronchi et al., 2015, Ryan et al., 2019, Shen et al., 2017, Zhang et al., 2015, Zhou et al., 2017a), 

spinal muscular atrophy Jokela type (SMAJ) and Charcot-Marie Tooth type 2 (CMT2) (Auranen 

et al., 2015, Pasanen et al., 2016, Penttila et al., 2015), mitochondrial myopathy (MM) (Ajroud-

Driss et al., 2015, Rubino et al., 2018), Alzheimer’s disease (AD) (Xiao et al., 2017) and PD 

(Rubino et al., 2017, Zhou et al., 2017b). All CHCHD10 variants are inherited in an autosomal 

dominant fashion. For our study we received patient fibroblasts from a patient with sporadic 

ALS, with typical ALS-like symptoms and severe loss of lower motor neurons (Julia L. Keith, 

2020, Zhang et al., 2015), carrying p.R15L variant (highlighted in red in Table 1.1). The variant 

has been also described in two families with familial ALS and one independent patient with 

sporadic ALS that was not been associated with FTD or other symptoms (Johnson et al., 2014, 

Muller et al., 2014, Zhang et al., 2015).  

 

1.2 CHCHD2 is a mitochondrial protein linked to PD 

At approximately the same time, autosomal dominant mutations in CHCHD2 (a paralogue of 

CHCHD10), were reported as a rare cause of familial PD (Foo et al., 2015, Funayama et al., 

2015, Ikeda et al., 2017, Jansen et al., 2015, Koschmidder et al., 2016, Lee et al., 2018, Li et al., 

2016, Nicoletti et al., 2018, Ogaki et al., 2015, Shi et al., 2016, Wu et al., 2016) (Table 1.2). PD-

associated CHCHD2 variants seem to be ethnic-specific, as variants found in Asian patients are 

not found in Caucasians and vice versa (Jansen et al., 2015, Puschmann et al., 2015, Zhang et al., 

2016). In contrast to ALS, Parkinson’s Disease affects dopaminergic neurons in the substantia 

nigra pars compacta. Two mutations in particular are considered to be most pathogenic as they 

were found in large families. Funayama et al. discovered a CHCHD2 missense mutation 

(c.182C>T, p.Thr61Ile) in a family with dominantly inherited late-onset PD (8 cases). Further 

screening revealed another patient with the same mutation and two potential splice site mutation 

in two additional families (c.424G>A, p.Arg145Gln; in intron: c.300+5G>A) (Funayama et al., 

2015). The CHCHD2 p.T61I variant was discovered in an additional family with autosomal 

dominant PD (Shi et al., 2016). 
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Table 1.2 Gene variants of CHCHD2 identified in human neurological disorders. Most pathogenic variants 

are highlighted in bold.  

Gene 
variants 

Amino acid 
changes 

Human 
disease 

Age of 
onset 

Ethnicity # of 
cases 

References 

c.5C>T p.Pro2Leu SPD 
PD 
SPD 
AD, SD 

? 
61 
? 

65.6 

Japanese 
Chinese 
Chinese 
Chinese 

? 
5 
? 
3 

(Funayama et al., 2015) 
(Foo et al., 2015) 
(Shi et al., 2016) 
(Che et al., 2018) 

c.10G>A p.Gly4Arg LBD 69 Caucasian 1 (Ogaki et al., 2015) 
c.15C>G p.Ser5Arg AD 75 Chinese 1 (Che et al., 2018) 
c.23G>H p.Arg8His SPD 38 Japanese 1 (Ikeda et al., 2017) 
c.40C>T p.Pro14Ser PD 71 Caucasian 1 (Ogaki et al., 2015) 
c.48C>T p.Ala16Ala PD 60 Caucasian 1 (Ogaki et al., 2015) 
c.53G>A p.Arg18Gln SPD 65 Chinese 1 (Yang et al., 2016) 
c.94G>A p.Ala32Thr AD 

PD 
70 

20-51 
Chinese 

Caucasian 
1 
1 

(Che et al., 2018) 
(Jansen et al., 2015) 

c.101C>T p.Pro34Leu PD 
LBD 
PD 

20-51 
90 
70 

Caucasian 
Caucasian 
Caucasian 

1 
1 
1 

(Jansen et al., 2015) 
(Ogaki et al., 2015) 
(Ogaki et al., 2015) 

c.110C>T p.Ala37Val LBD ? Caucasian 1 (Ogaki et al., 2015) 
c.146C>T p.Ala49Val PD 76 Caucasian 1 (Ogaki et al., 2015) 
c.182C>T p.Thr61Ile PD 

PD 
55.5 
48 

Japanese 
Chinese 

8 
7 

(Funayama et al., 2015) 
(Shi et al., 2016) 

c.196G>A p.Val66Met MSA 60 Italian 1 (Nicoletti et al., 2018) 
c.211G>C p.Ala71Pro 

and TOPIMT 
mut. 

Early onset 
PD  

26 Caucasian 1 (Lee et al., 2018) 

c.238A>G p.Ile80Val FPD ? Caucasian 1 (Jansen et al., 2015) 
c.255T>A p.Ser85Arg FTD 65 Chinese 1 (Che et al., 2018) 
c.278C>T p.Ala93Val LBD 85 Caucasian 1 (Ogaki et al., 2015) 
c.376C>T p.Gln126X PD >40 German 1 (Koschmidder et al., 2016) 
c.434G>A 
 

p.Arg145Gln FPD 
PD 

? 
41 

Japanese 
Chinese 

3 
1 

(Funayama et al., 2015) 
(Yang et al., 2016) 

c.-9T>G Intron FPD  ? Japanese 1 (Funayama et al., 2015) 
c.300+5G>A Intron FPD ? Japanese 2 (Funayama et al., 2015) 

PD = Parkinson’s disease; FPD = familial PD; SPD = sporadic PD; AD = Alzheimer’s disease; FTD = 

frontotemporal dementia; SD = semantic dementia: LBD = Lewy Body disease; MSA = multiple systems atrophy; 

 

1.3 Localization and structure of CHCHD10 and CHCHD2 

CHCHD10 and CHCHD2 contain a predicted mitochondrial targeting sequence (MTS), a 

hydrophobic stretch between amino acids 50-80 and the CHCH-domain which forms a helix-

turn-helix fold, stabilized through two disulfide bonds formed by four cysteines (Fig. 1.1).  
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Figure 1.1 Schematic representation of the CHCHD10 and CHCHD2 protein structure. 

Predicted structural and functional domains are indicated in different colours. In this study addressed reported 

mutations associated with ALS and PD are indicated in red. Four cysteines in the coiled-helix coiled-helix domain 

(CHCH) are indicated with white bars. 

 

Human CHCHD10 and CHCHD2 share a 51% sequence identity at the amino acid level and in 

particular the hydrophobic helix as well as the CHCH domain share high similarities (Fig. 1.2). 

Mic17 the orthologue of CHCHD10 and CHCHD2 in yeast was first reported to localize to the 

nucleus and the cytosol (Huh et al., 2003); however, it was later clearly assigned to the 

mitochondrial intermembrane space (Gabriel et al., 2007).  

 

 
Figure 1.2 Alignment of human CHCHD10 and CHCHD2. 

Hydrophobic helix, CHCH-domain, potential disease variants, alternative transcription start sites (methionine), 

disulfide-bond forming cysteines are highlighted in different colors.   
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The CHCH-domain and not the MTS was demonstrated to be responsible for targeting 

CHCHD10 and CHCHD2 to mitochondria and in particular the intermembrane space (Burstein 

et al., 2018, Lehmer et al., 2018). CHCHD10 and CHCHD2 are classical substrates of the 

mitochondrial disulfide-relay system Mia40-ALR (mitochondrial intermembrane space import 

and assembly protein 40-augmenter of liver regeneration) (Longen et al., 2009). Upon import, 

the four cysteine residues (which form a so called twin CX9C motif) are oxidized by Mia40, 

trapping these proteins in the intermembrane space. Due to their amino acid change, three 

pathogenic variants, CHCHD10 p.Q108P, CHCHD10 p.C122R and CHCHD2 p.Q126X, 

localized outside of mitochondria (Lehmer et al., 2018, Zhou et al., 2019). Other CX9C motif-

containing proteins of the mitochondrial intermembrane space are involved in various processes 

and are listed in Table 1.3. The majority are crucial for the biogenesis of enzyme complexes of 

the respiratory chain, for example COX17, COX19 and CHCHD7 for complex IV assembly 

(Longen et al., 2009). Due to the lack of any additional structural domain, it is likely that the 

CHCH-domain determines the overall structure of these proteins. The crystal structure of 

COX17 showed two helices harbouring two cysteines each and binding one copper atom 

(Abajian et al., 2004). Furthermore, the structures of CHCHD5, CHCHD7 and CHCHD4 have 

been identified and by knowing the structure of other CX9C motif containing proteins, structures 

of CHCHD10 and CHCHD2 were extrapolated and are predicted to be similar (Banci et al., 

2009, Banci et al., 2012, Imai et al., 2019b).  

In total three studies found evidence for the existence of CHCHD10 and CHCHD2 outside 

of mitochondria (Aras et al., 2015, Liu et al., 2015, Woo et al., 2017). In one study endogenous 

and exogenous FLAG-tagged CHCHD10 protein was found to co-immunoprecipitate with 

endogenous and exogenous TDP43 protein, a predominantly nuclear protein (Woo et al., 2017). 

In another study CHCHD2 was found to interact with Bcl-xL, a mitochondrial outer membrane 

protein involved in cell death (Liu et al., 2015). And lastly, CHCHD2 and CHCHD10 have been 

described to localize to the nucleus in hypoxic conditions, where they can act as transcription 

factors of genes harbouring the oxygen responsive element (ORE) (Purandare et al., 2018). 
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Table 1.3 Eukaryotic CX9C motif containing proteins. Modified table from (Cavallaro, 2010). 

Human 
Gene 

Yeast 
Gene 

Function 

COX6B1 COX12 COX subunit 
COX6B2 YMR244C-A COX subunit 
COA6 / COX subunit 
COX17 COX17 Copper assembly chaperone for 

COX 
COX19 COX19 COX assembly 
CHCHD7 COX23 COX assembly 
CMC1 CMC1 COX assembly 
COA5 PET191 COX assembly 
CMC2 CMC2 COX assembly 
COA4 (CHCHD8) CMC3 COX assembly 
CHCHD4 (MIA40) MIA40 IMS protein import 
TRIAP1 MDM35 Mitochondrial apoptosis 

Lipid handling 
C22orf39 EMI1 Mitochondrial structure/function 
CHCHD3 (MIC19) MIC19 MICOS 
CHCHD6 MIC25 MICOS 
CHCHD2 MIC17 Mitochondrial respiration 
CHCHD10 MIC17 Mitochondrial respiration 
CHCHD5 MIC14 Unknown 
CMC4 CMC4 Unknown 
NDUFAF8 / Complex I assembly 
NDUFB7 / Complex I assembly 
NDUFA8 / Complex I assembly 
CHCHD1 MRP10 Translation in cytosol and 

mitochondria; Component of the 
mitoribosome 

 

 

1.4 Tissue expression and evolutionary conservation of CHCHD10 and CHCHD2 

mRNA expression of CHCHD10 and CHCHD2 is enriched in skeletal muscle, one of the 

organs ultimately affected in ALS and PD. The CHCHD10 protein is enriched in heart and 

skeletal muscle whereas the CHCHD2 protein shows no tissue specificity and is expressed in 

many different tissues (Thul et al., 2017) (www.proteinatlas.org). One recent study which found 

CHCHD10 expression to be particularly high at the post synapse of neuromuscular junctions 

(NMJ) in skeletal muscle, showed that the protein is required for agrin-induced clustering of 

acetylcholine receptors, a process important for the proper development of the NMJ (Xiao et al., 

2019). 
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Immunohistochemical analysis revealed the enrichment of CHCHD2 and CHCHD10 in 

dopaminergic neurons of the substantia nigra, pyramidal neurons of the cortex and the 

hippocampus, and motor neurons in the anterior horn of the spinal cord (Burstein et al., 2018, 

Huang et al., 2018).  

CHCHD10 and CHCHD2 are evolutionary conserved proteins and are the result of a gene 

duplication event in metazoans. Saccharomyces cerevisiae has only one homologous gene, 

Mic17, whereas nine genes and pseudogenes are present in mouse (Cavallaro, 2010). Gene 

duplications occurred independently in different organisms; however, it predated speciation 

between M. musculus and H. sapiens (Cavallaro, 2010). D. melanogaster harbors three genes, 

DmeI/CG5010, DmeI/CG31007 and DmeI/CG31008, whereas DmeI/G5010 is the one with the 

highest similarity to human CHCHD10 or CHCHD2. 

 

1.5 Functional studies on CHCHD10 and CHCHD2 

The first functional studies were conducted on the orthologue of CHCHD10 and CHCHD2, 

Mic17 in yeast (Cavallaro, 2010, Gabriel et al., 2007, Longen et al., 2009). The loss of Mic17 

resulted in a respiratory deficiency with lower oxygen consumption and did not affect 

mitochondrial structure (Longen et al., 2009). After that one of the first studies on CHCHD10 

function associated the protein with the mitochondrial contact site and cristae organizing system 

(MICOS) in mouse brain (Genin et al., 2015). The MICOS complex consists of several 

components including, mitofilin/Mic60/IMMT, CHCHD3/Mic19 and CHCHD6/Mic25 (Kozjak-

Pavlovic, 2017) and the genetic ablation of one of these results in cristae defects. The MICOS 

complex is required for the formation of cristae and is evolutionary highly conserved (Huynen et 

al., 2016, Munoz-Gomez et al., 2015). Furthermore, cristae formation is indispensable for the 

proper functioning of the mitochondrial respiratory chain and ATP production in mitochondria. 

One of the first studies addressing CHCHD10 function found the protein to directly co-

immunoprecipitate with IMMT and CHCHD3 as well as a co-localize with CHCHD6 (Genin et 

al., 2015). Additionally, one other study showed the co-localization of MICOS and CHCHD10 

and CHCHD2 by super resolution (Zhou et al., 2019). The first group also identified that cristae 

are not affected the same way for different CHCHD10 variants. The CHCHD10 p.S59L variant 

showed abnormal mitochondrial cristae whereas the CHCHD10 p.G66V did not cause any 

cristae abnormalities (Bannwarth et al., 2014, Genin et al., 2018). Various models reported 
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abnormal mitochondrial cristae structure for CHCHD10 variants and the knockout of 

CHCHD10/CHCHD2 in flies (Ajroud-Driss et al., 2015, Genin et al., 2015, Meng et al., 2017). 

With these findings, CHCHD10 and CHCHD2 were proposed to be structural components of the 

MICOS complex. Other studies however could not confirm the interaction and propose a role of 

CHCHD10 and CHCHD2 independent of MICOS (Burstein et al., 2018, Huang et al., 2018).  

Another aspect of mitochondrial health is mitochondrial morphology, which is coordinated 

by specialized proteins orchestrating mitochondrial fission and fusion processes (Tilokani et al., 

2018). It was found that different CHCHD10 and CHCHD2 variants affect mitochondrial 

morphology and might even be directly linked to the function of proteins involved in the fission 

and fusion machinery (Liu et al., 2020, Liu et al., 2019). The overexpression of different 

CHCHD10 variants including p.R15L, p.G58R, p.S59L, p.G66V and p.E127K, lead to 

mitochondrial fragmentation (Ajroud-Driss et al., 2015, Huang et al., 2018, Lehmer et al., 2018, 

Liu et al., 2019, Woo et al., 2017). Also, various patient cells harbouring different variants like 

for example CHCHD10 p.S59L, CHCHD2 p.A71P showed fragmented mitochondria 

(Bannwarth et al., 2014, Lee et al., 2018). The CHCHD10 p.G66V variant did not change 

mitochondrial morphology in patient cells (Genin et al., 2018).  

As mentioned above CHCHD10 has been shown to interact with TDP43 and partially 

localize to the nucleus (Woo et al., 2017). In the same study CHCHD10 variants were suggested 

to be responsible for the mis-localization of TDP43 outside the nucleus and in mitochondria, 

although the latter could not be replicated in another study (Brockmann et al., 2018). 

CHCHD2 has been identified as a regulator of oxidative phosphorylation (Baughman et al., 

2009). Several studies characterized the knockdown of CHCHD2 in different cellular models and 

discovered reduced mitochondrial oxygen consumption (Baughman et al., 2009, Zhou et al., 

2019). CHCHD2 protein levels have been reported to increase in response to different cellular 

stress signals, like hypoxia, dissipation of the mitochondrial membrane potential, DNA 

replication stress and CHCHD2 was suggested to have dual localization within the cell (Aras et 

al., 2015, Aras et al., 2013, Huang et al., 2018, Quiros et al., 2017, Tkach et al., 2012). During 

hypoxic stress most of CHCHD2 was located in the nucleus where it bound to the promoter of 

COX4I2 subunit therefore regulating its expression (Aras et al., 2015, Aras et al., 2013). 

Furthermore, mitochondrial CHCHD2 was found to decrease upon apoptotic stimuli and 

translocate to the nucleus (Liu et al., 2015). The same study identified an interaction of 
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CHCHD2 with Bcl-xL, which inhibits BAX oligomerization, thus negatively regulating 

mitochondria-mediated apoptosis (Liu et al., 2015). The increase of CHCHD2 levels was also 

observed by stress induced by truncated mitochondrial matrix protein ornithine transcarbamylase 

causing the mitochondrial unfolded protein response and the overexpression of the mitochondrial 

DNA polymerase g subunits causing genomic stress in Drosophila, as well as the dissipation of 

the mitochondrial membrane potential with FCCP (Huang et al., 2018, Meng et al., 2017). 

Lastly, using a chemical crosslinker, a study detected an interaction of CHCHD2 with 

cytochrome c and MICS1, a mitochondrial protein described as cytochrome c binding as well as 

cristae structure organizing (Oka et al., 2008).  

 

1.6 Animal models of CHCHD10 and CHCHD2 knockout and variants 

One of the first animal models used was Caenorhabditis elegans, where the orthologue of 

CHCHD10 and CHCHD2, har-1 (41 % sequence identity to human CHCHD10) was studied 

(Woo et al., 2017). The loss of har-1 and the introduction of the two conserved CHCHD10 

variants p.R15L and p.S59L exhibited mitochondrial dysfunction as well as locomotor 

dysfunction (Woo et al., 2017).  

To date there are four drosophila models in which CHCHD10 and CHCHD2 variants have 

been investigated. Three studies analyzed the gene orthologue with the highest similarity to 

human CHCHD10 and CHCHD2 in Drosophila, DmeI\CG5010 (Baek et al., 2019, Liu et al., 

2020, Meng et al., 2017), whereas one model overexpressed the human CHCHD2 wild-type and 

the variants p.P2L, p.T61I and p.R145Q (Tio et al., 2017). Overexpression of the variants 

produced PD-related phenotypes such as locomotor and mitochondrial dysfunction: however, the 

two variants p.T61I and p.R145Q showed more severe impairments than the others (Tio et al., 

2017). Interestingly, the overexpression of wild-type CHCHD2 also caused a pathogenic 

phenotype (Tio et al., 2017). The CHCHD2 p.T61I variant as well as the knockout has also been 

associated with a-synuclein aggregation, a common phenotype of PD (Ikeda et al., 2019). The 

knockout of CHCHD2 initiated dopaminergic neuron loss, and mitochondrial abnormalities 

which could be rescued by the enhancement of the mitochondrial proton-motif force and 

mitochondrial membrane potential with a light-driven proton transporter (Imai et al., 2019a, 

Meng et al., 2017). And lastly, The CHCHD10 p.S59L variant caused a gain-of-function toxicity 

and mitochondria defects in Drosophila (Baek et al., 2019). 
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A morpholino based knock-down of CHCHD10 in zebrafish (66% identity to human 

protein) caused a motor neuron pathology with reduced axon length and disturbed organization 

of skeletal muscle (Burstein et al., 2018). In the same study analysis of CHCHD10 p.R15L and 

p.G66V in patient cells showed reduced CHCHD10 protein levels and suggested a 

haploinsufficient mode of action for these variants.  

Mouse knockout models of CHCHD10 and CHCHD2 did not show mitochondrial 

abnormalities and the mice appear phenotypically normal (Burstein et al., 2018, Meng et al., 

2017), which could be caused by a compensatory effect. This suggestion is also supported by a 

recent report of a CHCHD10/CHCHD2 double knockout in mice, where mice presented with a 

cardiomyopathy, disrupted cristae and the activation of the integrated stress response (Liu et al., 

2019). More recently three studies reported mitochondrial myopathy, cardiomyopathy and an 

activation of the integrated stress response for the knock-in mouse models of CHCHD10 p.S55L 

(human: CHCHD10 p.S59L) (Anderson et al., 2019b, Genin et al., 2019, Liu et al., 2019). To 

date, CHCHD10 p.S59L appears to be the only toxic gain of function variant for CHCHD10. 

CHCHD10 p.S59L causes CHCHD10 and CHCHD2 to aggregate in mitochondria, as well as 

extra nuclear TDP43 aggregates (Anderson et al., 2019b, Genin et al., 2019).  

In summary, the findings show involvement of CHCHD10 and CHCHD2 in different 

mitochondrial and non-mitochondrial processes. Whether, these proteins are playing a role in 

cristae formation and are a component of MICOS, mitochondrial respiration, apoptosis, TDP43 

pathology or nuclear transcription however needs to be confirmed and studied in more detail. 

From this perspective, we created the following rationale for this thesis. 
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1.7 Hypothesis and objectives of this thesis 

This thesis tried to elucidate the function of CHCHD10 and CHCHD2 in mitochondria and 

explain the pathogenesis of the variants, CHCHD10 p.R15L, CHCHD2 p.T61I, and CHCHD2 

p.R145Q using human fibroblasts as a model system.  

 

Hypothesis #1: The CHCHD10 p.R15L variant in a patient with sporadic ALS is causing 

mitochondrial dysfunction and underlying the disease pathology. 

 

Objectives: 

- Characterization of mitochondrial function in patient fibroblasts 

- Comparison of patient fibroblasts with cells were CHCHD10 wild-type protein was 

reintroduced with a retroviral vector 

- Creation of a CRISPR-Cas9 CHCHD10 knock-out model in fibroblasts and the analysis 

of the functional consequences 

- Analysis of CHCHD10 interaction partners 

 

Hypothesis #2: The CHCHD10 p.R15L variant influences metabolic processes in normal 

physiological conditions as well and in particular under nutrient stress. 

 

Objectives: 

- Collection of transcriptomic (RNA sequencing), metabolomic (LC/MS) and proteomic 

(TMT/MS) datasets from patient and rescued cells 

- Analysis of affected metabolomic pathways and integration of the datasets 

- Functional analysis of findings with biochemical methods 
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Hypothesis #3: The CHCHD2 p.T61I and p.R145Q variants and the CHCHD2 knockout 

influence various mitochondrial functions and this is the cause of PD in patients with these 

variants. 

 

Objectives: 

- Generation of CRISPR-Cas9 CHCHD2 knock-out cells and analysis of functional 

consequences 

- Generation of CHCHD2 variant cell lines and analysis of functional consequences 

- Analysis of interaction partners of CHCHD2 variants 
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Preface to chapter 2 
 

The first study, described in chapter 2 addresses changes of mitochondrial function of 

fibroblasts from an ALS patient harbouring the heterozygous CHCHD10 p.R15L variant. 

Different mitochondrial aspects, such as mitochondrial morphology, cristae structure, respiratory 

chain function and steady state levels as well as interaction partners of CHCHD10 were studied 

to characterize mitochondrial defects resulting from this variant.  
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the pathogenicity of a CHCHD10 mutation in ALS  
 

Isabella R. Straub1,2, Alexander Janer1,2, Woranontee Weraarpachai1,3, Lorne Zinman4, Janice 

Robertson5, Ekaterina Rogaeva5, Eric A. Shoubridge1,2,* 
 

 

Affiliations: 

1Department of Human Genetics, McGill University, Montreal, Quebec, Canada 
2Montreal Neurological Institute, McGill University, Montreal, Quebec, Canada 
3Department of Biochemistry, Faculty of Medicine, Chiang Mai University, Chiang Mai, 

Thailand 
4Sunnybrook Health Sciences Centre, Toronto, Ontario, Canada 
5Tanz Centre for Research in Neurodegenerative Diseases, University of Toronto, Toronto, 

Ontario, Canada.  

 

*To whom correspondence should be addressed at: Eric A. Shoubridge, Montreal Neurological 

Institute, 3801 University Street, Montreal, Quebec, Canada H3A 2B4; Email: 

eric@ericpc.mni.mcgill.ca, Tel: 514-398-1997; FAX: 514-398-1509 

 
 
 
 
 

Published in 
 

Hum Mol Genet. 2018;27(1):178–189. doi:10.1093/hmg/ddx393. 
 
 

Reproduced with permission. 
 
  



 45 

Abstract 
 CHCHD10 and its paralogue CHCHD2 belong to a family of twin CX9C motif proteins, 

most of which localize to the intermembrane space of mitochondria. Dominant mutations in 

CHCHD10 cause amyotrophic lateral sclerosis/frontotemporal dementia (ALS/FTD), and 

mutations in CHCHD2 have been associated with Parkinson’s disease, but the function of these 

proteins remains unknown. Here we show that the p.R15L CHCHD10 variant in ALS patient 

fibroblasts destabilizes the protein, leading to a defect in the assembly of complex I, impaired 

cellular respiration, mitochondrial hyperfusion, an increase in the steady-state level of CHCHD2, 

and a severe proliferation defect on galactose, a substrate that forces cells to synthesize virtually 

all of their ATP aerobically. CHCHD10 and CHCHD2 appeared together in distinct foci by 

immunofluorescence analysis and could be quantitatively immunoprecipitated with antibodies 

against either protein. BN-PAGE analyses showed that both proteins migrated in a high 

molecular weight complex (220 kDa) in control cells, which was however absent in patient cells. 

CHCHD10 and CHCHD2 levels increased markedly in control cells in galactose medium, a 

response that was dampened in patient cells, and a new complex (40 kDa) appeared in both 

control and patient cells cultured in galactose. Re-entry of patient cells into the cell cycle, which 

occurred after prolonged culture in galactose, was associated with a marked increase in complex 

I, and restoration of the oxygen consumption defect. Our results indicate that CHCHD10-

CHCHD2 complexes are necessary for efficient mitochondrial respiration, and support a role for 

mitochondrial dysfunction in some patients with ALS. 
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Introduction 
 Amyotrophic lateral sclerosis (ALS) is the most common motor neuron disease and it is 

frequently associated with frontotemporal dementia (FTD). Mitochondrial dysfunction has often 

been suggested to underlie ALS pathology, but mutations in bona fide mitochondrial genes have 

rarely been reported in ALS cohorts. Recent reports of mutations in CHCHD10 (coiled-helix 

coiled-helix domain containing protein 10) in autosomal dominant familial ALS have changed 

this outlook. CHCHD10 mutations were first uncovered by whole exome sequencing in a family 

with motor neuron disease, ALS- and FTD-like symptoms, cerebellar ataxia and myopathy 

(Bannwarth et al., 2014). Subsequent investigations uncovered autosomal dominant mutations in 

CHCHD10 in a clinically heterogeneous group of patients, ranging from sporadic and familial 

ALS (Chio et al., 2015, Dols-Icardo et al., 2015, Johnson et al., 2014, Muller et al., 2014, Ronchi 

et al., 2015, Zhang et al., 2015), sporadic and familial FTD (Dols-Icardo et al., 2015, Jiao et al., 

2016), autosomal dominant mitochondrial myopathy (ADMM) (Ajroud-Driss et al., 2015), spinal 

muscular atrophy (SMAJ) (Penttila et al., 2012), Charcot-Marie-Tooth neuropathy (CMT2) 

(Auranen et al., 2015), Alzheimer’s disease (AD) (Zhang et al., 2015), and even Parkinson’s 

disease (PD) (Bannwarth et al., 2014, Ikeda et al., 2017, Zhang et al., 2015). Almost all of the 

reported mutations are missense substitutions in exon 2, with the exception of a stop-gain 

mutation (p.Q82X) suggesting a loss-of-function mechanism (Dols-Icardo et al, 2015.).  

 CHCHD10 is a member of the twin CX9C motif family of proteins, most of which 

localize to the mitochondrial intermembrane space (IMS). The CHCH domain forms a helix-

turn-helix fold, stabilized by two disulphide bonds, which are formed upon import of these 

proteins into the IMS by the redox-regulated MIA40 pathway (Becker et al., 2012). CHCHD2, a 

paralogue of CHCHD10, arose by gene duplication from a common ancestor predating human 

speciation (Cavallaro, 2010), and both proteins are conserved in all metazoans (Longen et al., 

2009). The yeast S. cerevisae, contains a single orthologue, Mix17 (31% identity with 

CHCHD10, and 35% identity with CHCHD2) (Pfanner et al., 2014). Recently, a missense 

mutation in CHCHD2 (c.182C>T, p.T6I) was shown to segregate with dominantly inherited late-

onset PD in a large Japanese family and further screening revealed other PD patients with 

genetic variants in CHCHD2 (Zhou et al., 2016). PD-associated CHCHD2 variants appear to be 

ethnic-specific, as variants found in Asian patients are not found in Caucasians and vice versa 

(Jansen et al., 2015, Puschmann et al., 2015, Zhang et al., 2016).  



 47 

 While mutations in CHCHD10 and CHCHD2 appear to be associated with a fairly wide 

spectrum of neurodegenerative disorders, the mechanisms of pathogenesis remain unclear. It has 

been reported that CHCHD10 is enriched at cristae junctions as part of the MICOS 

(mitochondrial contact site and cristae organizing system) complex (Genin et al., 2015), which is 

crucial for mitochondrial membrane architecture and cristae organization (Rampelt et al., 2016). 

Multiple different functions have been suggested for CHCHD2: a regulator of oxidative 

phosphorylation (Baughman et al., 2009), a transcription factor that regulates the expression of 

the COX4I2 subunit during stress (Aras et al., 2015, Aras et al., 2013), an inhibitor of Bax 

oligomerization through its interaction with Bcl-xL (Liu et al., 2015), and finally a protein that 

sequesters SMAD4 to mitochondria, suppressing the activity of the TGFβ signalling pathway 

(Zhu et al., 2016). 

 In this study, we have investigated the function of CHCHD10, and the mechanism of 

pathogenesis using fibroblasts derived from an ALS patient carrying the pathogenic p.R15L 

CHCHD10 variant. 
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Results 
Reduced steady-state level of CHCHD10 in patient fibroblasts 

 All reported mutations in CHCHD10 are heterozygous, suggesting autosomal dominant 

inheritance; however, whether this results from dominant negative effects, gain of function, or 

haploinsufficiency is generally unknown. To begin to address this question we performed an 

immunoblot analysis on fibroblasts from an ALS patient, heterozygous for the c.44G>T 

(p.R15L) CHCHD10 variant. CHCHD10 was reduced to 57% of control levels in patient 

fibroblasts, whereas the level of its paralogue, CHCHD2, was increased 2.5-fold (Fig. 2.1A). 

Although both CHCHD10 and CHCHD2 have in silico predicted mitochondrial targeting 

sequences, these do not appear to be processed, as the mature forms of both proteins migrate on 

reducing gels at their predicted molecular masses (14kDa, 16KDa respectively). Although the 

p.R15L mutation is contained in the putative targeting sequence, overexpression of the p.R15L 

variant in control cells showed that it localized to mitochondria without producing an obvious 

alteration in mitochondrial morphology (Fig. 2.1B). The steady-state level of the CHCHD10 

mRNA in patient fibroblasts was not significantly different from control (data not shown), and 

DNA sequencing of an RT-PCR product indicated similar contributions from the wild-type and 

mutant alleles, as would be expected for a heterozygous missense mutation (Fig. S2.1). We 

conclude that the p.R15L variant targets correctly to mitochondria, but is unstable, leading to a 

loss of CHCHD10 function 

 

Hyperfusion of mitochondria but normal mitochondrial ultrastructure in patient 

fibroblasts 

Immunofluorescence analysis revealed a striking mitochondrial hyperfusion phenotype in 

patient cells and in control fibroblasts in which CHCHD10 was depleted by siRNA (Fig. 2.2A, 

B); however, the steady-state levels of the major molecular components of the mitochondrial 

fusion machinery (OPA1 and MFN1, MFN2) were not significantly altered in patient or 

CHCHD10-depleted fibroblasts (Fig. 2.2C). Consistent with the hyperfusion phenotype, overall 

steady-state levels of Drp1, which is responsible for mitochondrial fission, were reduced, and a 

larger proportion appeared in the cytosolic fraction compared to control (Fig. 2.2D). 

Interestingly, depletion of CHCHD2 produced a shift toward short OPA1 isoforms (Fig. 2.2C), 

which was associated with increased mitochondrial fission (data not shown). Retrovirally-
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mediated expression of a wild-type CHCHD10 cDNA (WT CHCHD10) rescued the 

mitochondrial hyperfusion in patient fibroblasts (from 65% to 9%). Transmission electron 

microscopy showed mitochondria with normal cristae organization in patient fibroblasts 

(Fig. 2.2E).  

 

Oxygen consumption and OXPHOS defect in patient fibroblasts 

To determine if the p.R15L variant affected mitochondrial respiratory function, we 

measured oxygen consumption rates (OCR) using an extracellular flux analyser (Seahorse) in 

control and patient cells, as well as patient cells overexpressing wild-type CHCHD10. The OCR 

was measured in four steps: (i) basal OCR (ii) after addition of oligomycin (1 µM) which inhibits 

ATP synthase, (iii) after uncoupling with cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) 

(2 µM) and (iv) after addition of a mix of rotenone and antimycin A (0.5 µM), inhibitors of 

complex I and III, respectively. Basal mitochondrial respiration of patient cell lines was reduced 

by 46±12% (p < 0.05) compared to controls (Fig. 2.3A) and the maximal respiratory capacity in 

response to uncoupling agent FCCP, was reduced by 55±12% (p < 0.05). The extracellular 

acidification rate (ECAR) was increased about two-fold in patient fibroblasts. This result was 

phenocopied with a CRISPR-Cas9-mediated CHCHD10 knockout cell line; however, not by the 

siRNA-mediated depletion of CHCHD10 (Fig. 2.3B, S2.2). Overexpression of CHCHD2 in 

control fibroblasts did not reduce OCR, arguing against role for increased CHCHD2 expression 

in disease pathogenesis (Fig. S2.3). Consistent with the rescue of the mitochondrial hyperfusion 

phenotype, overexpression of wild-type CHCHD10 in patient fibroblasts rescued the respiration 

defect (Fig. 2.3A, B). 

 To determine the steady-state levels of the oxidative phosphorylation (OXPHOS) 

complexes we performed a blue native PAGE (BN-PAGE) analysis. Patient fibroblasts showed 

about a two-fold reduction in the level of fully assembled complex I (Fig. 2.3C, S2.4), while the 

levels of the other OXPHOS complexes were not significantly altered. Consistent with this, the 

steady-state level of a complex I subunit (NDUFA9) was reduced by immunoblot analysis 

(Fig. 2.1A). 
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CHCHD10 is required for growth in glucose-free medium 

To interrogate mitochondrial respiratory function, we grew cells in medium containing a 

non-fermentable carbon source (in which glucose is replaced by galactose), forcing them to rely 

almost entirely on OXPHOS for ATP production. In general, cells with OXPHOS deficiencies 

grow more slowly than control cells in galactose medium or, if the deficiency is severe, undergo 

apoptosis. About 20% of the patient fibroblasts died within the first 24 hr in galactose, and while 

the remaining cells stayed attached to the plate (Fig. 2.4A), they only started dividing after an 

adaptation period of about two weeks (data not shown). Based on the severity of the complex I 

assembly defect, this behaviour was unexpected, suggesting that other factors are at play. 

To further analyse the effects of galactose medium, we performed an 

immunofluorescence analysis of CHCHD10 in patient and control cells. CHCHD10 levels 

steadily increased in control, but not in the patient cells, over the time course of the experiment 

(Fig. S2.5). Consistent with these results, immunoblot analysis showed that CHCHD10 levels 

increased after 5 days in galactose medium, and continued to increase up to 15 days in control 

cells, whereas patient cells showed only a slight increase in CHCHD10 levels by day 5, which, 

however, was not maintained by day 15 (Fig. 2.4B). CHCHD2 levels were increased in both 

patient and control fibroblasts on day 5 and 15. The changes in the levels of CHCHD10 in 

control cells were specific and did not reflect the small increase in mitochondrial content; 

however, there was a ~1.5-fold increase in SDHA in patient cells after 15 days in galactose and 

strikingly a nearly four-fold increase in NDUFA9, a proxy for complex I assembly (Fig. 2.4B, 

S2.6A, B).  

We next measured the changes in oxygen consumption rates in control and patient cells 

after 5 and 15 days in galactose medium. As expected, in control cells there was an increase in 

basal oxygen consumption over that observed in glucose medium, and a partial normalization of 

oxygen consumption rates in the patient cells after 5 days, which reached control levels after 15 

days (Fig. 2.4C, S2.7).  

 

CHCHD10 immunoprecipitates CHCHD2 and C1QBP 

To characterize the CHCHD10 interactome we immunoprecipitated the endogenous 

protein and analysed it by liquid chromatography-tandem mass spectrometry (LC-MS/MS). This 

analysis identified CHCHD2 and C1QBP (p32), a multifunctional protein involved in 
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mitochondrial translation (Yagi et al., 2012), as major interactors of CHCHD10. Reciprocal 

immunoprecipitation of endogenous CHCHD2 also precipitated CHCHD10 and C1QBP (not 

shown in immunoblot) suggesting a robust interaction between these mitochondrial proteins 

(Fig. 2.5A).  

To further analyse the interdependence between CHCHD10 and CHCHD2 we performed 

siRNA-mediated depletion of each protein and analysed the levels of its potential partner by 

immunoblot analysis. Surprisingly, when CHCHD2 was depleted the levels of CHCHD10 

decreased, whereas short-term depletion of CHCHD10 did not affect CHCHD2 levels 

(Fig. 2.5B). Immunofluorescence analysis of CHCHD2 and CHCHD10 using antibodies against 

the endogenous proteins showed a punctate pattern and a high degree of co-localization, 

consistent with the immunoprecipitation results (Fig. 2.5C).  

 

CHCHD10 forms high molecular weight complexes with CHCHD2 and is not part of the 

MICOS complex 

To investigate whether CHCHD10 forms stable complexes with CHCHD2 or C1QBP we 

performed two-dimensional PAGE (2D-PAGE) analysis (Fig. 2.6). In normal glucose-containing 

medium (Fig. 2.6A, top panel), CHCHD10 and CHCHD2 were present both in low molecular 

weight complexes (as either monomers (14 kDa and 16 kDa, respectively), or dimers (not 

possible to distinguish between these possibilities on this gel), and in higher molecular weight 

complexes (CHCHD10: 170 kDa and 220 kDa, CHCHD2: 220 kDa), whereas C1QBP ran only 

as a monomer (32 kDa)). As expected, the level of CHCHD10 was reduced in patient 

mitochondria (Fig. 2.6B, top panel), but strikingly, it was virtually absent in the higher molecular 

weight complexes. Furthermore, the level of CHCHD2 appeared to compensate for the loss of 

CHCHD10 in the 170 kDa complex. Neither CHCHD10, nor CHCHD2 co-migrated with 

IMMT/Mic60 or CHCHD3/Mic19, key components of the MICOS (Mitochondrial contact site 

and Cristae Organizing System) complex, which itself was unaffected in patient fibroblasts.  

To investigate whether these high molecular weight complexes would be influenced by 

growth in galactose medium we subjected cells grown for 9 days in galactose to 2D-PAGE 

analysis. CHCHD10 and CHCHD2 levels increased in control cells (Fig. 2.6A, bottom panel), 

confirming the immunoblot analysis (Fig. 2.4B), and we observed the appearance of additional 

complexes at 40 and 100 kDa, the appearance of CHCHD2 in the complex at 170 kDa, but no 
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apparent change in the complex at 220 kDa. Patient fibroblasts (Fig. 2.6B, bottom panel) showed 

increased CHCHD2 levels in galactose, and a substantial shift into the complex at 40 kDa, but a 

further decrease in the higher molecular weight complexes containing either CHCHD2 or 

CHCHD10. These complexes are likely soluble in the IMS as CHCHD10 behaves like a soluble 

protein after alkaline carbonate extraction (Fig. S2.8). 
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Discussion 
This study shows that two twin CX9C mitochondrial IMS proteins, CHCHD10 and 

CHCHD2, both of which have been implicated in neurodegenerative diseases, exist in complexes 

that support efficient mitochondrial respiration. Fibroblasts from an ALS patient with a mutation 

in CHCHD10 displayed a striking mitochondrial hyperfusion phenotype, a deficiency in both 

basal and maximal respiration, increased anaerobic glycolysis, and a severe growth defect on a 

non-fermentable carbon source, all strongly suggesting insufficient aerobic energy supply as the 

underlying disease mechanism.  

Three lines of evidence, including immunoprecipitation, immunofluorescence, and 2D-

PAGE, place CHCHD10 and CHCHD2 in protein complexes of 40, 100, 170, and 220 kDa 

depending on culture conditions. In glucose-containing medium about half of the CHCHD10 in 

control cells was present in the 170 and 220 kDa complexes, which were essentially undetectable 

in patient fibroblasts. The appearance of the 40 kDa complex, which was only prominent in 

control and patient cells in galactose medium, correlated with the recovery of the oxygen 

consumption defect in the patient cells, and the re-entry into a proliferative phase. There appears 

to be some degree of functional interdependence between the two proteins as reduced levels of 

CHCHD10 in patient fibroblasts were associated with a marked increase in the levels of 

CHCHD2, perhaps as a compensatory mechanism, and the siRNA-mediated depletion of 

CHCHD2 resulted in decreased levels of CHCHD10, suggesting a role for CHCHD2 in 

CHCHD10 stability. Further, similar increases were observed in the steady-state levels of both 

proteins in control cells growing in galactose. The immunoprecipitation data suggest that the 

CHCHD10-CHCHD2 complexes are largely hetero-oligomers. C1QBP (p32), a predominantly 

mitochondrial matrix protein that behaves as a monomer on second dimension gels, was the only 

other protein found to co-immunoprecipitate consistently in these experiments. We did not find 

any evidence for an association of CHCHD2 with cytochrome c oxidase, as had been previously 

reported (Aras et al., 2015). How might the interaction with matrix protein p32 occur? Although 

it is clear from our data that the majority of CHCHD10 runs on denaturing gels at its predicted 

(unprocessed) molecular mass, a recent investigation of the N-termini of mitochondrial proteins 

suggested that murine CHCHD10 is processed at amino acid 80 (full length is 142aa) (Calvo et 

al., 2017). It is thus possible that some fraction of CHCHD10 engages the TIM machinery and is 

processed in the matrix; however, this would need to be verified experimentally.  
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Importantly, our study clearly shows that the CHCHD10-CHCHD2 complex does not 

associate with MICOS, a multi-subunit complex that determines the architecture of 

mitochondrial cristae in the inner mitochondrial membrane. Neither CHCHD10 nor CHCHD2 

co-immunoprecipitated or co-migrated on second dimension Blue-Native gels with components 

of the MICOS complex, an observation that contrasts sharply with a recent report (Genin et al., 

2015). We previously performed affinity purification/mass spectrometry studies with antibodies 

directed against the endogenous forms of two bona fide MICOS subunits (Mic60, Mic19) and 

did not recover either CHCHD10 or CHCHD2 in the immunoprecipitates (Janer et al., 2016). 

Consistent with our results, the MICOS complex was not destabilized in fibroblasts from our 

patient, and we found no evidence for a mitochondrial ultrastructural abnormality. Significantly, 

Mix17 the yeast orthologue of CHCHD10 and CHCHD2, does not constitute part of the yeast 

MICOS complex (Harner et al., 2011). 

 The oxygen consumption deficiency in patient cells, the growth defect of these cells in 

galactose medium, and the marked increase (3-4 fold) in CHCHD10 levels in control cells grown 

in galactose, suggest a key role for CHCHD10 in respiration, particularly under the stress 

conditions that are induced by forcing mitochondrial oxidative phosphorylation and increasing 

oxidative stress. In yeast, Mix17 is also required for normal oxygen consumption, and its steady-

state level is reported to increase in response to replication stress (Tkach et al., 2012). The level 

of CHCHD10 in patient cells was largely unresponsive to growth in galactose, despite the fact 

that these cells still carry one normal allele. However, there was a slow, progressive increase in 

oxygen consumption in the patient cells that correlated with an increase in mitochondrial 

volume, an even greater increase in a marker of complex I assembly, and an increase in the level 

of CHCHD2 - all likely adaptive responses to the low levels of CHCHD10. Whether other 

metabolic adaptations are also necessary for the recovery of respiration in patient cells remains to 

be determined.  

Loss of CHCHD10 resulted in a hyperfused mitochondrial network, independent of 

significant changes in the levels of the proteins involved in mitochondrial fusion (MFN1, MFN2, 

OPA1). Mitochondrial fusion is a common response to nutrient starvation, increased oxidative 

stress etc. (Aasen et al., 2008). It seems likely that stress induced by the loss of CHCHD10 

results in reduced mitochondrial fission, due to the repartitioning of Drp1 in the cell from the 

mitochondrial surface to the cytosol which we observed in the patient cells. 
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 Overall, our data support a disease mechanism of haploinsufficiency, at least for the 

CHCHD10 p.R15L variant associated with ALS: (1) the steady-state level of CHCHD10 was 

reduced in patient fibroblasts, (2) the respiration defect in patient cells (phenocopied in 

CHCHD10 knockout cells) could be rescued by expression of a wild-type CHCHD10 cDNA, 

and (3) the defect in mitochondrial morphology was also rescued by expression of a wild-type 

CHCHD10 cDNA (4) overexpression of the p.R15L variant in control cells did not produce an 

obvious phenotype. Our results differ from previous findings on the p.S59L variant in which 

mitochondria appeared fragmented, and mitochondrial cristae disorganized in patient fibroblasts, 

as well as HeLa cells overexpressing mutant cDNA (Genin et al., 2015), suggesting that some 

mutations in CHCHD10 could behave as dominant negatives or have a toxic gain of function.  

 We speculate that the focal expression of CHCHD10-CHCHD2 complexes creates a 

mitochondrial platform or microenvironment that is necessary for efficient organization and 

function of the mitochondrial OXPHOS system, which is especially required in times of transient 

increases in demand for aerobically-produced ATP, a characteristic of neurons and muscle cells. 

Further studies will be required to determine the precise molecular function of these proteins.  
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Materials and Methods 
Human studies 

 The research studies on cell lines were approved by the institutional review board of the 

Montreal Neurological Institute, McGill University. 

Cell lines and Media 

 A primary fibroblast culture was established from a previously published heterozygous 

carrier of c.44G>T (p.R15L) (patient DNA #8807) diagnosed with sporadic ALS at age 54 

(involving his upper limb) who remains alive 14 years later (Zhang et al., 2015). The p.R15L 

substitution, has been reported in ALS patients in several independent studies (Johnson et al., 

2014; Muller et al., 2014; Zhang et al., 2015), including its segregation with disease in large 

ALS family (Johnson et al., 2014). Control (Montreal Children’s Hospital cell repository; 

Montreal; Canada; MCH58, 64, 65) and patient fibroblasts were immortalized by transduction 

with retroviral vectors expressing the HPV-16 E7 gene and the catalytic component of human 

telomerase (htert) as described previously (Lochmuller et al., 1999). Fibroblasts and 143B cells 

were grown in 4.5 g/L glucose DMEM supplemented with 10% fetal bovine serum (FBS), at 

37°C in an atmosphere of 5% CO2. Cells stably overexpressing CHCHD10 in patient cells were 

engineered using retroviral vectors as previously described (Weraarpachai et al., 2009). For 

carbon source-dependent experiments, cells were grown in DMEM with 10% dialysed FBS 

supplemented with either 4.5g/L glucose or 4.5g/L galactose. 

siRNA transfection 

  siRNA duplex constructs were used for transient depletion of CHCHD10 (ambion: 

CHCHD10-1: s53405; CHCHD10-2: s196436; CHCHD10-3: s226550) or CHCHD2 (ambion: 

CHCHD2-1: s27540; CHCHD2-2: s27541) in control fibroblasts. siRNA duplexes were 

transiently transfected into cells using Lipofectamine RNAiMAX (Invitrogen), according to the 

manufacturer's specifications. The transfection was repeated on day 3 and the cells were 

harvested on day 6 for analysis. 
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Generation of stable cell lines over-expressing CHCHD10 

 CHCHD10 was amplified through PCR with Taq-polymerase with 7-deaza 

GTP/Nucleotide mix (NEB) using cDNA from control fibroblasts as a template, and cloned into 

pBABE-Puro using Gateway Cloning Technology (Invitrogen). Retroviral constructs were 

transfected into the Phoenix packaging cell line using the HBS/Ca3(PO4)2 method. Control and 

patient fibroblasts were infected 48 hours later by exposure to virus-containing medium in the 

presence of 4 µg/ml of polybrene as described previously (Pear et al., 1997). 

Generation of CRISPR-Cas9 CHCHD10 knockout cell line 

The sgRNA oligomers for CHCHD10 targeting exon 2 were annealed and inserted into 

plasmid pSpCas9(BB)-2A-Puro (PX459) V2.0 from Addgene (62988) via combined ligation (T7 

ligase NEB) and restriction enzyme (BpiI, NEB) reaction.  

Sequence for sgRNA targeting exon 2 of CHCHD10: 

5’-caccGAAGCCGCAGCGCGGCCTCC-3’ 

3’-    CTTCGGCGTCGCGCCGGAGGcaaa-5’ 

The plasmid (1.5 µg) was transfected into a fibroblasts cell line with jetPRIME reagent. 24 hours 

after transfection puromycin was added for 2 days at a concentration of 5µg/µL. Cells were than 

expanded and single clones were selected and analysed by immunoblot and sequencing for 

positive CHCHD10 knockout cell lines. 

Mitochondrial isolation 

 Fibroblasts or 143B cells were rinsed twice with phosphate buffered saline (PBS), 

resuspended in ice-cold 250 mM sucrose/10 mM Tris–HCl (pH 7.4), and homogenized with ten 

passes of a pre-chilled, zero-clearance homogenizer (Kimble/Kontes). A post-nuclear 

supernatant was obtained by centrifugation of the samples twice for 10 min at 600 g. 

Mitochondria were pelleted by centrifugation for 10 min at 10,000 g and washed once in the 

same buffer. Protein concentration was determined using the Bradford assay. 

Mitochondrial fractionation 

 Control and patient fibroblasts were rinsed twice in PBS, resuspended in ice-cold 

250 mM sucrose/10 mM Tris–HCl (pH 7.4). 10% of the suspension was lysed in 1.5% DDM in 
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PBS and centrifuged for 15 min at 20,000 g, and the supernatant was considered as the total 

fraction. The rest (90%) of the cells were homogenized in ice-cold 250 mM sucrose/10 mM 

Tris–HCl (pH 7.4) with ten passes of a pre-chilled, zero-clearance homogenizer 

(Kimble/Kontes). A post-nuclear supernatant was obtained by centrifugation of the samples three 

times for 10 min at 600 g. Mitochondria were pelleted by centrifugation for 10 min at 10,000 g, 

washed twice in the same buffer, and lysed in 1.5% DDM in PBS. The lysate was considered as 

crude mitochondrial fraction. The remaining supernatant, was cleared by three further rounds of 

centrifugation at 10,000 g for 10 min. This supernatant was then centrifuged at 100,000 g for 1 h. 

The pellet was washed two times with PBS, lysed in 1.5% DDM in PBS, and considered as light 

membranes. The supernatant was adjusted to 1.5% DDM and considered as the cytosol fraction. 

Protein concentration was determined by Bradford assay. 

Alkaline carbonate extraction 

 Mitochondria isolated from control and patient fibroblasts were extracted with 100 mM 

alkaline carbonate at pH 11.5 as previously described (Weraarpachai et al., 2009), centrifuged at 

20,000 g and the pellet and supernatant fractions analysed by SDS–PAGE.  

Denaturing, Native and 2D-PAGE 

 For SDS–PAGE, cells were extracted with 1.5% n-dodecyl-D-maltoside (DDM) in PBS, 

after which 20 µg of protein was run on denaturing polyacrylamide gels. BN-PAGE was used to 

separate individual OXPHOS complexes. Isolated mitochondria were solubilized with 1% DDM, 

and 20 µg of solubilized samples were run in the first dimension on 6-15% or 8–15% 

polyacrylamide gradient gels as previously described (Leary, 2012). Two-dimensional (2D-BN-

PAGE/SDS-PAGE was carried out as detailed previously (Antonicka et al., 2003). The separated 

proteins were transferred to a nitrocellulose membrane and immunoblot analysis was performed 

with the indicated antibodies. 

Oxygen consumption measurements using the SeaHorse apparatus 

 Cells were seeded the day before measurement in a 24-well culture plate at 

4 × 104 cells/well. Culture media was removed the following day and replaced with XF Assay 

Media from SeaHorse Bioscience (Billerica, MA) containing 4.5 g/L glucose or galactose and 
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incubated at 37°C. Oxygen consumption rate (OCR) and the extracellular acidification rate 

(ECAR) were measured using the SeaHorse XF24 Extracellular Analyzer over a 100-minute 

time period. The assay consisted of three basal rate measurements followed by sequential 

injections of oligomycin (1 µM), FCCP (2 µM), and rotenone (0.5 µM) + antimycin (0.5 µM). 

Three rate measurements were performed after each injection. Error bars represent mean ± SD of 

four to five independent experiments and the p-values were calculated using a t-test. 

Immunofluorescence analyses 

 Immunofluorescence analyses were performed by fixation of the cells grown on 

coverslips with 4% formaldehyde in PBS at room temperature for 20 min, permeabilization in 

0.1% Triton X-100 in PBS, blocking with 5% bovine serum albumin (BSA) in PBS, followed by 

incubation with primary antibodies in 5% BSA in PBS, for 1 hour at RT. The appropriate anti-

species secondary antibodies coupled to Alexa fluorochromes (Invitrogen) (1:1,000) were further 

used for 30 min at RT. Coverslips were mounted onto slides using fluorescence mounting 

medium (Dako). 

 Stained cells were imaged using a 60× or a 100× objective lenses (NA1.4) on an 

Olympus IX81 inverted microscope with appropriate lasers using an Andor/Yokogawa spinning 

disk system (CSU-X), with a sCMOS camera. Mitochondrial network morphology was classified 

in a blinded manner as fused, normal reticulum (intermediate), or fragmented. For each 

condition, 86 cells were analysed. Experiments were done three times independently. Error bars 

represent mean ± SD and p-values were calculated using a t-test. 

Analysis of mitochondrial ultrastructure by transmission electron microscopy 

 Cells grown on NuncTM Lab-TekTM Chamber Slide System (Thermofisher) were washed 

in 0.1 M Na cacodylate washing buffer (Electron Microscopy Sciences) and fixed with 2.5% 

glutaraldehyde (Electron Microscopy Sciences) in 0.1 M Na cacodylate buffer overnight at 4°C. 

Cells were then washed three times in 0.1 M Na cacodylate washing buffer for a total of 1 hour, 

incubated in 1% osmium tetroxide (Mecalab) for 1 hour at 4°C, and washed with ddH2O three 

times for 10 min. Then, dehydration in a graded series of ethanol/deionized water solutions from 

30 to 90% for 8 min each, and 100% twice for 10 min each, was performed. The cells were then 
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infiltrated with a 1:1 and 3:1 Epon 812 (Mecalab): ethanol mixture, each for 30 min, followed by 

100% Epon 812 for 1 hour. Cells were embedded in the culture wells with new 100% Epon 812 

and polymerized overnight in an oven at 60°C. Polymerized blocks were trimmed and 100 nm 

ultrathin sections were cut with an Ultracut E ultramicrotome (Reichert Jung) and transferred 

onto 200-mesh Cu grids (Electron Microscopy Sciences). Sections were post-stained for 8 min 

with 4% aqueous uranyl acetate (Electron Microscopy Sciences) and 5 min with Reynold's lead 

citrate (Fisher Scientific). Samples were imaged with a FEI Tecnai-12 transmission electron 

microscope (FEI Company) operating at an accelerating voltage of 120 kV equipped with an 

XR-80C AMT, 8 megapixel CCD camera.  

Immunoprecipitation 

 Mitochondria (200 µg) isolated from 143B cells were pelleted, rinsed once with PBS, and 

extracted in 200 µL of lysis buffer (10 mM Tris–HCl pH 7.5, 150 mM NaCl, 1% n-dodecyl-D-

maltoside (DDM) (Sigma), and complete protease inhibitors (Roche) on ice for 30 min. The 

extract was centrifuged at 20,000 g at 4°C for 20 min, and the supernatant was pre-cleared 

overnight with non-coated Dynabeads Protein A (Invitrogen) to reduce non-specific protein 

binding to the beads. Binding of indicated antibodies to Dynabeads Protein A (Invitrogen) was 

performed overnight. Antibodies were then cross-linked to the beads using 20 mM dimethyl 

pimelimidate (DMP) (Sigma). The immunoprecipitation reaction was performed overnight at 

4°C. Samples were eluted using 0.1 M glycine pH 2.5/0.5% DDM, trichloroacetic acid 

precipitated, and analysed by mass spectrometry on an Orbitrap (Thermo Scientific) at the 

Institute de Recherches Cliniques (IRCM) de Montreal. The false discovery rate is < 5% with a 

Mascot score of 50. 

Antibodies 

 Antibodies directed against the following proteins were used in this study: CHCHD10 

(Sigma, HPA003440; Proteintech, 25671-1-AP), CHCHD2 (Sigma, HPA027407; Proteintech, 

66302-1-Ig) SDHA (Abcam, ab14715), ATP5A1 (Abcam, ab14748), NDUFA9 (Abcam, 

ab14713), COX1 (Abcam, ab14705) and COX2 (Abcam, ab110258), COX4 (Abcam, 

ab110261), IMMT/MIC60 (Proteintech, 10179-1-AP), CHCHD3/MIC19 (Proteintech, 25625-1-

AP), TOMM20 (Santa Cruz, sc-11415), Core2 (Abcam, ab14745), Actin (Abcam, ab3280), 
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cytochrome c (BioSciences, 556432), GRSF1 (Sigma, HPA036984), C1QBP (GC1qR, Abcam, 

ab24733), anti-HA (Abcam, ab130275), Porin (Calbiochem, 529534), Tubulin (Invitrogen, 32-

2500), OPA1 (BD BioSciences, 612606), MFN1 (Cell Signaling, 14739S), MFN2 (Cell 

Signaling, 11925S). 

Cell growth assay 

 For immortalized fibroblasts, 82,000 cells were seeded in six-well culture dishes at day 0. 

For the galactose experiments, cells were switched to galactose-containing medium on day 1. 

After 1, 2, 3, 5 and 7 days of culture, cells were trypsinized, homogenized, and counted using a 

Bio-Rad TC10 automated cell counter. Experiments were done in independent triplicates. Error 

bars represent mean ± SD and p-values were calculated using a t-test. 

Statistical analysis 

 All data are reported as mean ± SD or ±SEM as indicated in the figure legend. Statistical 

significance was determined using Student's two-tailed, unpaired and paired t-tests. P-values 

< 0.05 were considered statistically significant and labelled as follows: *P < 0.05, and 

**P < 0.01. 
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Figures 
 

 

Figure 2.1 Reduced steady-state level of CHCHD10 and localization of CHCHD10 p.R15L to 

mitochondria. 

(A) Whole cell extract from patient and control fibroblasts separated by SDS-PAGE and 

probed with antibodies against the indicated proteins. Actin was used as a loading control. 

(B) CHCHD10 p.R15L expression in control fibroblasts. Immunofluorescence analysis of 

control fibroblasts overexpressing mutant CHCHD10 p.R15L protein. Endogenous CHCHD10 

staining is shown in green, the mitochondrial marker cytochrome c is shown red. 
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Figure 2.2 Mitochondrial hyperfusion in patient fibroblasts without altered fusion machinery. 

(A, B) Immunofluorescence analysis of control and patient fibroblasts, control cells treated with 

siRNA against CHCHD10 and patient fibroblast stably overexpressing wild-type CHCHD10. 

(A) Endogenous CHCHD10 staining is shown in green, the mitochondrial marker cytochrome 

c in red. Scale bars: 10 µm. 

(B) Quantification analysis of mitochondrial network morphology. In each experimental 

condition described, 86 cells were analysed and the mitochondrial network organization was 

classified as fused, normal reticulum (intermediate), or fragmented, in three independent 

experiments. Data represent mean ± SEM and p-values were calculated using a two-tailed, 

unpaired t-test. 

(C) Immunoblot analysis of key players in mitochondrial fusion in patient or siRNA-depleted 

fibroblasts. Immunoblot analysis of MFN1, MFN2 and OPA1 levels in control and patient 

fibroblasts as well as fibroblasts where CHCHD10 (siRNA CHCHD10-2) or CHCHD2 (siRNA 

CHCHD2-2) was depleted by siRNA. SDHA, Porin, and Tubulin were used as loading controls. 

(D) Analysis of DRP1 localization in control and patient fibroblasts by immunoblot analysis 

after cellular fractionation. Porin was used as a mitochondrial marker and tubulin as a cytosolic 

marker. (E) Analysis of the mitochondrial ultrastructure by transmission electron microscopy in 

control and patient fibroblasts. Scale bars: 500 nm. 
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Figure 2.3 Mitochondrial oxygen consumption is impaired in patient fibroblasts as well as 

CRISPR-Cas9 CHCHD10 knockout cells. 

(A, B) Seahorse Bioscience XF24 extracellular flux analyser was used to measure the oxygen 

consumption rate (OCR) and the extracellular acidification rate (ECAR) in control and 

(A) patient fibroblasts, and patient fibroblasts overexpressing wild-type CHCHD10. n = 3, data 

represent mean ± SD. 

(B) CRISPR-Cas9 knockout CHCHD10 cells, and CRISPR-Cas9 knockout CHCHD10 cells 

overexpressing wild-type CHCHD10. n = 5, data represent mean ± SD. 
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(C) BN-PAGE analysis of patient and control fibroblasts shows a Complex I defect as revealed 

by subunit-specific antibodies against individual OXPHOS complexes. Quantification from 5 

independent experiments, data represent mean ± SEM. 
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Figure 2.4 CHCHD10 is required for growth in glucose-free medium. 

(A) Growth curve for indicated cells grown in glucose- versus galactose-containing medium. 

(B) Immunoblot analysis and quantification of CHCHD10 and CHCHD2 levels in control and 

patient fibroblasts after subjecting the cells to galactose-containing medium for 5 and 15 days, 

respectively. Actin was used as a loading and normalization control. Graph represents the 



 73 

relative protein levels of CHCHD10 and CHCHD2 in control and patient cells grown in 

galactose medium compared to those grown in glucose medium (set to 1). Data represent 

mean ± SD (control, n=6; patient, n=3). P-values were calculated using a two-tailed, paired t-test 

*P < 0.05. 

(C) Seahorse Bioscience XF24 extracellular flux analyser was used to measure the oxygen 

consumption rate (OCR) and the extracellular acidification rate (ECAR) in control and patient 

fibroblasts grown in either glucose or galactose-containing medium. n = 3, data represent 

mean ± SEM.  
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Figure 2.5 CHCHD10 co-immunoprecipitates with CHCHD2 and appears in distinct foci within 

mitochondria. 

(A) Co-immunoprecipitation experiment of CHCHD10 and CHCHD2 in 143B cells. 

Immunoprecipitation was performed with two different anti-CHCHD10 antibodies and an anti-

CHCHD2 antibody, respectively. Stably overexpressing HA-tagged C1QBP was 

immunoprecipitated with anti-HA antibody. For negative controls no antibody was bound to the 

beads. Total Spectral Counts are listed for antibody-specific, versus negative controls (numbers 

in parentheses). 

(B) Immunoblot analysis of the CHCHD10 and CHCHD2 levels in patient and control 

fibroblasts, patient fibroblasts overexpressing wild-type CHCHD10 and control fibroblasts 

treated with siRNA against CHCHD10 (CHCHD10-2) and CHCHD2 (CHCHD2-2). Actin was 

used as a loading control. 
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(C) Immunofluorescence analysis and line scan of the colocalization of CHCHD10 and 

CHCHD2. CHCHD10 is shown in green, CHCHD2 and the mitochondrial marker cytochrome c 

in red. Scale bar: 10 µm. 

 

 

 
Figure 2.6 CHCHD10 forms a complex with CHCHD2 not MICOS. 

(A, B) Two dimensional BN-PAGE/SDS-PAGE electrophoresis analysis of mitochondria from 

control (A) and patient (B) fibroblasts immunoblotted for indicated proteins. The positions and 

molecular weight of identified CHCHD10/CHCHD2 containing complexes are indicated in (A). 
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The monomeric molecular weights of CHCHD2 and CHCHD10 are 15.5 kDa and 14.1 kDa, 

respectively. The bottom of the gel in the first dimension is indicated as ‘bottom’. (A and B 

bottom) Two-dimensional BN-PAGE/SDS-PAGE electrophoresis analysis of mitochondria from 

control (A) and patient (B) fibroblasts cultivated for 9 days in galactose-containing medium. 

* Lower band is a residual signal from a prior CHCHD10 detection. The positions of GRSF1, 

COX I, and the MICOS complex are indicated on top (in kDa). 
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Supplemental Figures 
 

 
Figure S2.1 cDNA analysis of patient fibroblasts. 

The DNA sequence chromatogram shows heterozygosity of the c.44G>T mutation in patient 

fibroblasts. 

 

 

 

 
Figure S2.2 Analysis of OCR in control fibroblasts after depletion of CHCHD10 or CHCHD2. 

Seahorse Bioscience XF24 extracellular flux analyser was used to measure the oxygen 

consumption rate (OCR) in control fibroblasts and fibroblasts where CHCHD10 or CHCHD2 

was depleted with siRNA. n = 5, data represent mean ± SD.  
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Figure S2.3 Analysis of OCR in control fibroblasts overexpressing CHCHD2. 

Seahorse Bioscience XF24 extracellular flux analyser was used to measure the oxygen 

consumption rate (OCR) in control fibroblasts and fibroblasts in which CHCHD2 was 

overexpressed. n = 5, data represent mean ± SD.  

 
 
 
 

 
 
Figure S2.4 BN-PAGE analysis of patient and control fibroblasts. 

All BN-PAGE analyses showed a Complex I defect as revealed by subunit-specific antibodies 

against individual OXPHOS complexes. Numbers represent quantification of bands analysed by 

Image J, and used for the analysis shown in Fig 1E. 
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Figure S2.5 Immunofluorescence analysis of control and patient fibroblasts in glucose versus 

galactose-containing medium. 

Endogenous CHCHD10 staining is shown in green, the mitochondrial marker cytochrome c is 

shown in red. Scale bars: 10 µm. 
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Figure S2.6 Quantification of OXPHOS subunits after subjecting control and patient fibroblasts 

to galactose for 5 and 15 days.  

Calculations represent quantification of two independent blots. 

(A) Data represent mean values of NDUFA9 levels normalized to Actin ± SEM. 

(B) Data represent mean values of SDHA levels normalized to Actin ± SEM. 

 
 
 
 

 
 

Figure S2.7 Analysis of OCR in control and patient fibroblasts after 5 days in galactose. 

Seahorse Bioscience XF24 extracellular flux analyser was used to measure the oxygen 

consumption rate (OCR) in control fibroblasts and patient fibroblasts suspected to galactose 

medium for 5 days. n = 5, data represent mean ± SD.  
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Figure S2.8 CHCHD10 and CHCHD2 are soluble proteins. 

Alkaline carbonate extraction of mitochondria from control and patient fibroblasts. Immunoblot 

analysis shows that CHCHD10, CHCHD2 and C1QBP are soluble proteins. SDHA (membrane-

associated protein) and COXI (integral inner membrane protein) were used as controls. Arrow 

points to CHCHD2 band in the blot. Asterisk marks leftover signal from CHCHD10 antibody. 
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Preface to chapter 3 
 

The first study on the CHCHD10 p.R15L patient fibroblasts revealed the involvement of 

CHCHD10 in mitochondrial respiration and a specific complex I deficiency for this variant. The 

defect could be rescued through the introduction of the wild-type CHCHD10 protein, therefore 

suggesting a haploinsufficient mode of action. We established an interaction of CHCHD10 with 

CHCHD2 and C1QBP and the existence of a complex between CHCHD2 and CHCHD10, which 

was absent in patient cells. In our first study, we identified a severe growth defect of the 

CHCHD10 p.R15L patient cells in galactose medium, which could be also rescued by the 

overexpression of the wild-type CHCHD10. In order to understand the mechanisms by which the 

cells adapted to this energetic stress situation, we used glucose-free medium in which we 

substituted galactose as a stressor in our second study to profile metabolic differences both in the 

patient and the rescued cells. For the second study we used an ‘omics’ approach and collected 

transcriptomic, metabolomic and proteomic datasets of patient and rescue cells in glucose and 

galactose conditions.  
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The CHCHD10 variant p.R15L causes an energy deficit and activates the 

integrated stress response through IRE1 
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Abstract 
Mutations in CHCHD10, coding for coiled-helix coiled-helix domain containing 10, a 

mitochondrial protein of unknown function, are a rare cause of autosomal dominant amyotrophic 

lateral sclerosis (ALS). The molecular basis for pathogenicity is not well understood, but 

mutation-specific toxic gain of function or haploinsuffuciency models have been proposed.  

We investigated the metabolic alterations in patient fibroblasts carrying the haploinsufficient 

p.R15L variant that we previously showed was unable to proliferate in medium containing 

galactose, a non-fermentable carbon source. To decipher the metabolic dysfunction associated 

with this variant we compared transcriptomic, metabolomic and proteomic data in patient cells 

with those rescued by the expression of the wild-type cDNA. We cultured the cells in medium 

containing either glucose or galactose to profile differences during nutrient stress. Our study 

confirmed the complex I deficiency and showed an increase in the NADH/NAD+ ratio in both 

glucose and galactose. This was associated with a down-regulation of the TCA cycle and an 

increase in the entry substrates pyruvate and aspartate. Cells in galactose medium showed a more 

marked cellular energy deficit, and the increased AMP/ATP ratio resulted in phosphorylation of 

AMPK, leading to an upregulation of catabolic and apoptotic pathways. Growth in galactose also 

led to the up-regulation of mitochondrial one-carbon metabolism, activation of the integrated 

stress response in the endoplasmic reticulum mediated through IRE1, activation of the 

mitochondrial UPR, and increased production of two metabolic cytokines, GDF15 and FGF21. 

These results demonstrate that the CHCHD10 p.R15L variant, which causes loss of CHCHD10 

function elicits a striking energy deficit phenotype that activates cellular stress and survival 

pathways, which may underlie the selective vulnerability of motor neurons.  
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Introduction 
 Autosomal dominant mutations in CHCHD10 were recently identified as rare genetic 

causes of ALS (Bannwarth et al., 2014, Chaussenot et al., 2014, Chio et al., 2015, Dols-Icardo et 

al., 2015, Johnson et al., 2014, Kurzwelly et al., 2015, Lehmer et al., 2018, Muller et al., 2014, 

Ronchi et al., 2015, Ryan et al., 2019, Shen et al., 2017, Zhang et al., 2015, Zhou et al., 2017a). 

Most predicted pathogenic variants are present in the N-terminal half of the protein and not in the 

defining CHCH-domain at the C-terminus. The mutation c.44C>A (predicting p. R15L) has been 

reported in sporadic and familial ALS, and motor neuron disease in four studies, and is absent in 

controls (Johnson et al., 2014, Khan et al., 2017, Muller et al., 2014, Zhang et al., 2015). 

CHCHD10 is a soluble 14 kDa mitochondrial protein that forms a complex with its paralogue 

CHCHD2. It has a short half-life and is upregulated in stress conditions (Huang et al., 2018, 

Straub et al., 2018); however, its precise function remains unknown.  

Mitochondrial dysfunction has long been suggested to contribute to ALS disease 

pathology, but prior to the identification of mutations in CHCHD10, these deficiencies were 

thought to be pleiotropic effects. Although all reported pathogenic mutations in CHCHD10 are 

autosomal dominant, the molecular basis of pathogenicity of CHCHD10 is variable. For 

instance, the p.S59L variant, reported in patients with ALS-FTD, is associated with a fragmented 

mitochondrial network, protein aggregates in mitochondria, and the activation of the integrated 

stress response (ISR), ascribed to toxic gain of function (Anderson et al., 2019a, Bannwarth et 

al., 2014, Genin et al., 2018, Genin et al., 2019). On the other hand, the p.R15L and p.G66V 

variants, in which reduced levels of CHCHD10 protein are associated with mitochondrial 

respiratory chain dysfunction, appear to be haploinsufficient (Brockmann et al., 2018, Penttila et 

al., 2015, Straub et al., 2018). 

Emerging lines of evidence suggest a link between endoplasmic reticulum (ER) stress 

caused by unfolded protein and neurodegenerative diseases like ALS (Hetz & Mollereau, 2014). 

The stress response of the ER is designed to maintain and recover proteostasis through three 

distinct signalling pathways: (1) PRKR-like endoplasmic reticulum kinase (PERK), (2) 

activating transcription factor 6 (ATF6) and (3) inositol-requiring kinase 1 (IRE1) (Hughes & 

Mallucci, 2019). In particular the IRE1 signalling cascade has been suggested as potential target 

for treatment as downstream targets such as XBP1 and CHOP have been shown to play a role in 

several ALS disease models, and knockdown of XBP1 provides significant protection against 
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neuronal death and delays onset of disease (Hetz et al., 2009, Ito et al., 2009, Jaronen et al., 

2014, Medinas et al., 2017). 

To investigate the cellular and metabolic remodelling caused by the CHCHD10 variant 

p.R15L, and to identify whether the integrated stress response plays a role in this ALS model, we 

collected metabolomic, transcriptomic and proteomic datasets on patient fibroblasts.. We 

cultured patient and rescued cells (expressing wild-type CHCHD10) in medium containing either 

glucose or galactose as a nutrient source. Glucose-free galactose medium imposes a nutrient 

stress, as it forces cells to rely solely on oxidative phosphorylation (OXPHOS) for energy 

production. Patient cells initially displayed some cell death on transfer to galactose medium, and 

thereafter a severe growth defect. Our data demonstrate a global remodelling of mitochondrial 

and cellular metabolic pathways and the activation of the integrated stress response through the 

IRE1/XBP1 pathway in patient cells under nutrient stress conditions. Maybe a sentence here 

about the fact that this is not simply mtDNA. 
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Results 
 

In this study we investigated the mechanisms of pathogenesis in patient fibroblasts with 

the CHCHD10 p.R15L variant (hereafter referred to as ‘patient’) compared to the same cells 

expressing wild-type CHCHD10 cDNA (hereafter called ‘rescue’). We previously showed that 

about 20% of patient cells died over 24 hours after transfer to galactose medium, while the 

remaining cells remained attached to the plate, but did not re-enter the cell cycle. This phenotype 

was rescued by expression of wild-type CHCHD10 cDNA. Changes in the transcriptome, 

proteome, and metabolome of patient versus rescue cells grown in glucose or galactose medium 

for 48 hours were determined by RNA sequencing, tandem mass tag (TMT) mass spectrometry, 

and targeted metabolomics analyses to profile the initial response to the galactose challenge. For 

the analysis we compared patient with rescue in glucose medium (‘Glucose’) and patient with 

rescue in galactose medium (‘Galactose’) (Fig. 3.1A), hence analysing the effect of genotype in 

different culture media. 

 

RNAseq analysis confirms the respiratory chain deficiency and reveals changes in one-

carbon metabolism 

To investigate potential transcriptional alterations in patient cells and the response to the 

stress of exposure to galactose medium we first determined the steady-state mRNA levels by 

RNA sequencing. The differentially expressed transcripts in ‘Glucose’ and the ‘Galactose’ media 

showed a substantially different distribution; more transcripts had a larger fold change in 

‘Galactose’ compared to ‘Glucose’ (Fig. 3.1B, S3.1A, S3.1B). We first focused on transcripts of 

those proteins found in MitoCarta2.0 (Calvo et al., 2016). In ‘Glucose’, GO terms for biological 

process enrichment analysis of differentially expressed transcripts identified upregulation of 

pathways involving ATP synthesis/the respiratory chain and the TCA cycle (Fig. 3.1C). 

Interestingly, transcripts of the acyl-CoA biosynthetic process, for example ATP citrate synthase 

(ACLY), fatty acid synthetase (FASN), and the citrate transporter (SLC25A1) were upregulated 

in glucose even though the biosynthesis of fatty acids seems to be counterproductive in a state of 

compromised energy supply. At the same time, beta oxidation of fatty acids, a catabolic pathway, 

was upregulated. Downregulated transcripts encompassed several mitochondrial transporters 

including SLC25A27 (UCP4), SLC25A14 (UCP5), SLC25A33 and SLC25A36 (pyrimidines), 
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and SLC25A13 (aspartate/malate). Transcripts coding for enzymes involved in ketone body 

metabolism, 3-hydroxybutyrate dehydrogenase 1 (BDH1) and acyl-CoA synthetase short chain 3 

(ACSS3), were downregulated in the patient in glucose. Lastly, the mitochondrial UMP-CMP 

kinase (CMPK2), responsible for the phosphorylation of dUMP and dCMP, and thus the local 

supply of deoxynucleotides as essential precursors for mtDNA replication and transcription was 

downregulated.  

In galactose, upregulated transcripts included those involved in mitochondrial translation, 

protein targeting, apoptosis, and the assembly of the respiratory chain complexes. However, the 

transcripts with a log2 fold change >1 mainly involved apoptotic pathways (Fig. 3.1C, 

‘Galactose’). Furthermore, we observed an upregulation of transcripts of the mitochondrial folate 

cycle, which is in part responsible for nucleic acid production (Fig. 3.1C and 3.2B). A more 

detailed analysis of gene transcripts involved in one-carbon metabolism further clarified the 

effect on this pathway (Fig. 3.2A). Transcripts for mitochondrial proteins involved in folate 

synthesis, MTHFD2L, MTHFD2, MTHFD1L and SHMT2 were upregulated, whereas transcripts 

of the cytosolic part of the one-carbon cycle, DHFR, SHMT1, TYMS and MTHFD1 were down-

regulated in galactose in the patient. Mitochondrial folate metabolism is responsible for the 

supply of formate in the cytosol for purine and pyrimidine synthesis and for the synthesis of 

NADPH in mitochondria, which is needed to tackle increased amounts of reactive oxygen 

species (ROS) (Martinez-Reyes & Chandel, 2014, Zheng et al., 2018). The same tendency was 

observed in patient cells in glucose versus galactose, indicating a marked shift in one carbon 

metabolism in patient cells in galactose (Fig. S3.1C, D). Lastly, transcripts of the serine 

metabolism were downregulated in the ‘Glucose’ and ‘Galactose’ conditions, indicating that 

serine is not synthesized de novo from glucose but rather directly obtained from the culture 

media or through the conversion of glycine to serine (Fig. 3.2A). 

Mitochondrial processes down-regulated in galactose included the catabolism of fatty 

acids, transcripts of respiratory chain complex assembly, in particular the assembly of complexes 

I and IV, and a number of mitochondrial transporters such as SLC25A27 (UCP4) and 

SLC25A14 (UCP5). These latter transporters were also down-regulated in glucose (Fig. 3.1C). 

Both have the highest level of expression in the brain, where they were suggested to uncouple 

oxidative phosphorylation, consequentially exerting a protective role in cells exposed to 

mitochondrial defects (Hoang et al., 2012, Ramsden et al., 2012). Another transporter 
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downregulated in patient cells in galactose is the aspartate/glutamate transporter SLC25A12, 

which catalyses the calcium-dependent exchange of cytoplasmic glutamate with mitochondrial 

aspartate (Thangaratnarajah et al., 2014).  

In summary, patient cells upregulated transcripts of the mitochondrial respiratory chain, the 

TCA cycle and fatty acid beta-oxidation at the transcript level to compensate for the lack of 

mitochondrial energy production in glucose. In galactose on the other hand patient cells 

upregulated transcripts of mitochondrial translation and mitochondrial protein import to rescue 

the energy deficit. Transcripts of the one-carbon metabolism in mitochondria are upregulated to 

supply the cytosol with more formate to produce purines and pyrimidines and mitochondria with 

more NADPH to fight increased amounts of ROS. Interestingly, the mitochondrial 

aspartate/glutamate carrier was downregulated, which could lead to a deficiency of energy 

equivalents in mitochondria and a lack of mitochondrial aspartate in the cytosol. In both 

conditions transcripts of apoptotic processes are increased.  

 

Metabolomic analysis reveals a high NADH/NAD+ ratio which stalls the TCA cycle in 

patient cells 

Metabolomic analyses were performed in the four groups described above on whole cells 

without subcellular fractionation. Using a targeted assay for 116 metabolites involved in 

bioenergetics, oxidative stress and mitochondrial function, absolute the levels of 85 metabolites 

were successfully determined across all samples. Analysis of the multi-variant data using 

orthogonal transformation through principal component analysis (PCA) or hierarchical clustering 

with heatmap analysis showed tight clustering of the replicates and clear differences among the 

four conditions analysed, demonstrating the quality of the data (Fig. 3.3A and S3.2A). The first 

component, which explains 55% of the variance in the dataset, showed that the treatment effect 

of glucose medium versus galactose medium was clearly separated, particularly for the patient 

cells. Moreover, through the second component, explaining 18% of the variance, we were able to 

separate the genotype effect in the two conditions galactose and glucose. The genotype 

difference was larger in galactose than in glucose (Fig. 3.3A). The fold-change distribution of 

differentially detected metabolites in the two conditions ‘glucose’ and ‘galactose’ was larger in 

the galactose condition showing log2 fold changes ranging from +3 to -2.5 in galactose versus 

+1 to -2.5 in glucose (Fig. 3.3B).  
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Redox imbalance caused by high levels of NADH in the patient 

The NADH/NAD+ ratio was significantly increased in both glucose and galactose 

condition in patient cells. Normally, when control cells are put in galactose the NADH/NAD+ 

level decreases (Ryall et al., 2015), and this was evident in the rescued cell line (Fig. 3.3C, D). 

The complex I deficiency in the patient cells likely accounted for the increase in the 

NADH/NAD+ ratio in galactose.  

Additionally, the glutathione antioxidant defence pathway was activated in patient cells in 

galactose. Total levels of glutathione were increased (GSH + GSSG), and the GSH:GSSG ratio 

was decreased (Fig. 3.3C, D), potentially to deal with increased oxidative stress in galactose. 

 

The TCA cycle is stalled in the patient 

Analysis of the common up-regulated and down-regulated metabolites in glucose and 

galactose, revealed decreased levels of TCA-cycle intermediates, including cis-aconitic acid, 

succinate, fumarate, and citrate (Fig. 3.3C). However, the levels of metabolites entering the TCA 

cycle, pyruvate and acetyl-CoA, were increased or unchanged, respectively (Fig. 3.3C). The 

TCA cycle is regulated by ATP and NADH levels (Berg JM, 2002), which were decreased and 

increased, respectively (Fig. 3.3C). The conversion of pyruvate into acetyl-CoA, from acetyl-

CoA into citrate and from ketoglutarate to succinate is NADH-dependent and likely inhibited in 

the patient, as NADH levels were high. Instead, ADP activates the conversion from pyruvate into 

acetyl-CoA, acetyl-CoA into citrate and isocitrate into ketoglutarate, and its levels were 

increased, producing counteracting signals (Fig. 3.3C, D). Overall, however, the data suggested 

that the TCA cycle was downregulated in both conditions.  

 

Reduced energy equivalents in the patient in galactose 

The metabolomic analysis revealed that nucleoside mono- and diphosphates (IMP, 

AMP/ADP and GMP/GDP) were the most highly increased metabolites in patient cells grown in 

galactose, resulting in a marked increase in the AMP/ATP and GMP/GTP ratios (Fig. 3.3C, D). 

Concomitantly, the metabolite adenylosuccinic acid, in the pathway for the conversion of IMP to 

AMP, was also markedly increased as well as two other metabolites involved in the biosynthesis 

of purines and pyrimidines, ADP-ribose and folate (Fig. 3.3C, D). Formyl folate is the precursor 

for inosine monophosphate, which itself is the precursor of GMP and AMP. Besides, levels of S-
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Adenosylmethionine (SAM) a metabolite of the methionine cycle, which is linked to the folate 

cycle were increased; however, levels of its counterpart S-Adenosylhomocysteine (SAH) were 

below the detection limit (Fig. S3.2B). We conclude that increased folate levels lead to an 

increased generation of nucleic acids IMP, AMP, and GMP for subsequent ATP production 

primarily carried out in mitochondria, as major enzymes of the folate cycle in the cytosol were 

transcriptionally down-regulated (Fig. 3.2A, B). However, mitochondrial ATP production was 

hampered in patient cells due to a complex I deficiency. 

 

High levels of aspartate do not rescue the stalled TCA cycle and subsequent mitochondrial 

energy production 

With the exception of aspartate, all other detectable amino acids were not significantly 

altered in either glucose or galactose media (Fig. 3.3F). Aspartate plays a key role in 

mitochondrial metabolism and is involved in the shuttling of electrons across the inner 

mitochondrial membrane through the malate-aspartate shuttle (Fig. 3.3G) (Berg JM, 2002). The 

malate/aspartate ratio thus serves as an indirect indicator of the NADH/NAD+ ratio and the 

energy state of the cell. A dysregulation of the malate/aspartate ratio was observed in both 

glucose and galactose; however, in opposite directions (Fig. 3.3D, F). The shuttle is responsible 

for transporting NADH into mitochondria where it is reoxidized to NAD+ by respiratory chain 

complex I. The mitochondrial asparate/glutamate transporter SLC25A12 was downregulated in 

patient cells in galactose at the transcript level, which at the protein level would lead to 

diminished transport of aspartate outside of mitochondria and a lack of NADH inside of 

mitochondria (Fig. 3.1C). In the cytosol, aspartate is converted to malate by GOT1 and MDH1 

(Birsoy et al., 2015). Interestingly, the enzyme GOT1 was increased at the transcript level in the 

patient in galactose. GOT1 normally metabolizes aspartate to oxalacetic acid, which is then 

converted by MDH1 into malate. This cycle allows the supply of electrons for the mitochondrial 

respiratory chain. When the electron transport chain is inhibited however, GOT1 produces 

aspartate, which serves as a substrate to synthesize purines and pyrimidines, compensating for 

the lack of mitochondrial aspartate synthesis (Birsoy et al., 2015, Lane & Fan, 2015) (Fig. 3G). 

The increased levels of aspartate and GOT1 therefore suggest that aspartate is produced by 

GOT1 in the cytosol to support the proliferation of patient cells. At the same time, the pyrimidine 

carrier SLC25A33 is markedly upregulated in patient cells in galactose (Fig. 1C). 
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The energy balance is tightly monitored in patient in galactose 

Concomitant with the markedly disturbed AMP/ATP ratio, we detected an increase in 

phosphorylated AMP-activated protein kinase (pAMPK) at position Thr172, signaling low 

cellular energy levels (Herzig & Shaw, 2018) (Fig. 3.3E). Another sensor of energy balance in 

the cell is the mechanistic/mammalian target of rapamycin (mTOR) pathway. mTOR is a 

serine/threonine kinase that responds to a number of physiological inputs including nutrients 

(amino acids), oxygen levels, hormones and energy status (AMP/ATP ratio) (Bond, 2016). 

Generally, mTORC1 is activated when energy supply is sufficient, and negatively regulated by 

pAMPK. We observed the inhibition of the mTOR pathway through the downregulation of 

phosphorylated ribosomal protein S6 in patient cells in galactose (Fig. 3.3E).  

 

In summary, in both glucose and galactose NADH/NAD+ ratios are high but only in 

galactose media a lack of cellular energy could be observed in parallel. The glycolytic process in 

glucose rescued the inefficient energy supply from mitochondria, however in galactose 

glycolysis came almost entirely to a halt. High levels of NADH stalled the TCA cycle as the 

amounts of NADH produced could not be used by the respiratory chain to generate ATP. 

Subsequently, entry substrates of the TCA cycle, like pyruvate and aspartate accumulate. 

Aspartate was additionally generated by GOT1 in the cytosol to rescue the proliferation defect of 

the patient in galactose.  

 

Integration of proteomics and metabolomics confirms reduction in TCA cycle activity at 

the protein level 

Changes in the proteome of isolated crude mitochondria from patient and rescue cells were 

determined by quantitative proteomic analysis using TMT - technology. We identified 1901 

unique proteins in all conditions, of which 414 proteins were mitochondrial based on 

MitoCarta2.0 (Calvo et al., 2016), accounting for 21.8% of the total proteins determined 

(Fig. 3.4A). Applying a significance level of 5% (FDR, False Discovery Rate), we identified 

differentially expressed proteins for each condition (Fig. 4B, S3). Confirming the results from 

our first study (Straub et al., 2018), several complex I subunits were downregulated in glucose 

(NDUFV1, NDUFS8, NDUFA7, NDUFB8) (Fig. S3.3). Among the most significantly up-
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regulated proteins we observed four proteins in the glycolytic pathway, glyceraldehyde-3-

phosphate dehydrogenase (GAPDHS), fructose-bisphosphate aldolase A (ALDOA), 

phosphopyruvate hydratase (ENO1), and phosphoglycerate kinase 1 (PGK1) again confirming 

the increased activity of the glycolytic pathway in patient cells in glucose. Phosphoserine 

aminotransferase 1 (PSAT1), responsible for the conversion of 3-phosphoglycerate, an 

intermediate of glycolysis, to serine (Fig. 3.2B), was also upregulated in glucose (Fig. S3.3). 

Serine is used through the folate cycle to produce purines and pyrimidines. Lastly, glutathione S-

transferase P (GSTP1) and glutathione S-transferase omega 1 (GSTO1), two detoxification 

enzymes that catalyse the conjugation of glutathione to chemical mutagens and protect against 

products of oxidative stress, were upregulated (Fig. S3.3).  

In galactose medium we observed the downregulation of several complex I subunits 

(NDUFS8, NDUFS7, NDUFB10, NDUFA5, NDUFS5, NDUFA10, NDUFS4, NDUFS2) as well 

as cytochrome c (CYCS) (Fig. 3.4B). Interestingly, many lysosomal proteins were 

downregulated as well (ASAH1, HEXB, CTSZ, CLTB, GNS, LAMP1, CTSL, NPC2, CTSK, 

PSAP, PPT1, DNASE2, CTSD, LGMN, CTSB, ATP6V1G1), in particular cathepsins with 

cysteine-type peptidase activity (unpublished data). The cytosolic serine hydroxy 

methyltransferase (SHMT1), which is responsible for converting serine to glycine and vice-

versa, providing one-carbon units for the synthesis of methionine, thymidylate, and purines was 

downregulated in galactose at the protein level as well as the transcript level (Fig. 3.4B and 3.2A, 

B). 

The most prominent group of proteins upregulated in galactose are implicated in 

endoplasmic reticulum stress (unpublished data). Furthermore, several transporters responsible 

for providing glycolysis and the TCA cycle with substrates, SLC2A1/A3 and SLC2A14 (glucose 

carrier) and SLC7A1/A2 (arginine, lysine and ornithine transporter) were upregulated. Lastly, we 

observed an increase in proteins of glutathione metabolism, GSTP1, microsomal glutathione S-

transferase (MGST1), and thioredoxin domain containing 12 (TXNDC12) (Fig. 3.3B, 

unpublished data).  

To improve the depth of the proteomic study, we used the ‘MetaboAnalyst’ tool for the 

integration of proteomic and metabolomic data, which allows one to perform pathway 

enrichment analysis based on differentially detected metabolites and expressed proteins 

(Fig. 3.4C). We used the degree of the node (number of nodal connections) to define our 
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enrichment analysis. Nodes with more connections, so-called hubs, have a higher impact in the 

pathway and, when affected, influence the enrichment more than a less connected node. 

Glycolysis (ALDOA, LDHA, ENO1, GAPDHS, PGK1, lactic acid, pyruvic acid), the synthesis 

and degradation of ketone bodies (ACAT2, 3-hydroxy-3-methylglutaryl-CoA), and pyruvate 

metabolism (LDHA, ACAT2, lactic acid, pyruvic acid) were the most highly induced pathways 

under glucose conditions (Fig. 3.4C, S3.3). The increase of 3-hydroxy-3-methyl-glutaryl-CoA 

(HMG-CoA) indicates a stalled mevalonate pathway, responsible for the synthesis of cholesterol 

and other isoprenoids (Fig. 3.3C). The rate limiting step of the mevalonate pathway is in the 

conversion of HMG-CoA to mevalonate by HMG reductase, which itself is inactivated by high 

levels of AMP. Therefore, in addition to TCA cycle stalling due to high levels of NADH, there 

was a reduction of anabolic cellular metabolism due to high levels of AMP. The integration of 

proteins with metabolites revealed a downregulation of the TCA cycle (DLD, OGDH, MDH2, 

cis-aconitic acid, succinic acid, citric acid), pyruvate metabolism (PKLR, MDH2, ALDH3A2, 

DLD, malonyl-CoA), and glyoxylate and dicarboxylate metabolism (MDH2, CAT, citric acid, 

cis-aconitic acid, glycine). 

In galactose on the other hand we detected an up-regulation of alanine, aspartate and 

glutamate metabolism (ADSL, aspartic acid, adenylsuccinic acid, argininosuccinic acid, pyruvic 

acid, ureidosuccinic acid, gamma-aminobutyric acid), glutathione metabolism (ANPEP, 

TXNDC12, GSTP1, MGST1, oxidized glutathione, NADP) as well as glycolysis and 

gluconeogenesis (LDHAL6B, LDHA, ENO2, ENO3, PGAM1, PGAM4, TPI1, pyruvate). 

However, the absence of cellular lactate and other intermediates of glycolysis at the metabolite 

level in galactose (Fig. 3.3C) demonstrates that glycolysis does not occur in patient as well as 

rescue cells in galactose medium.  

Integrating the downregulated metabolites and proteins revealed a downregulation of the 

TCA cycle (DLD, SUCLA2, SUCLG1, IDH3A, MDH2, PDHA1, PDHB, FH, fumaric acid, cis-

aconitic acid). The TCA cycle and mitochondrial activity is normally upregulated in galactose 

condition in control cells (Aguer et al., 2011, Lane et al., 2015, Ostergaard et al., 2001). 

In essence, the TCA cycle and the mitochondrial respiratory chain complex I were 

downregulated in both glucose and galactose This energy deficit could be compensated by high 

glycolytic activity in patient in glucose, but not in galactose. Furthermore, the synthesis of 

cholesterol was inhibited through high levels of AMP stalling the mevalonate pathway and 
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consequently accumulating HMG-CoA. And lastly glutathione related proteins were upregulated 

in both conditions, indicating an increased need to deal with mitochondrial oxidative stress.  

 

Metabolic dysfunction leads to canonical ER stress response in patient in galactose 

The upregulation of ATF6-mediated targets at the protein level (unpublished data) and the 

fact that mitochondria and the ER are tightly linked organelles led us to analyse the integrated 

stress response in both organelles. Coordinate expression of the mitochondrial unfolded protein 

response and the integrated stress response of the ER has been proposed previously (Melber & 

Haynes, 2018). The activation of the integrated stress response has also been described in control 

cells in galactose (Soustek et al., 2018). In response to unfolded protein in the ER protein kinases 

like PERK and IRE1/ERN1 release a folding chaperone called binding immunoglobulin protein 

(BiP/GRP78/HSPA5) and oligomerize. Other stresses are sensed by four different kinases such 

as amino acid stress (GCN2), hypoxia (HRI), and double-stranded RNA through viral infection 

(PKR) initiating the ISR through the phosphorylation of eukaryotic translation factor 2 alpha 

(eIF2alpha) (Pakos-Zebrucka et al., 2016). This results in the global attenuation of protein 

synthesis, and the selective translation of stress response proteins. Transcript levels of EIF2AK2 

(PKR), and EIF2AK3 (PERK) were upregulated and as were the levels of the PERK and GCN2 

proteins in patient cells in galactose (Fig. 3.5A). However, we did not observe a change in 

phosphorylated PERK, GCN2 or consequently eIF2alpha (Fig. 3.5B). The IRE1 pathway on the 

other hand is independent of eIF2alpha activation. IRE1 phosphorylates JUN N-terminal kinase 

(JNK), and also serves as an endonuclease splicing the mRNA of X-Box Binding Protein 1 

(XBP1), removing a premature stop codon (Huang et al., 2019). Patient cells in galactose exhibit 

the integrated stress response through the activation of IRE1 and XBP1 and not through the 

phosphorylation of eIF2alpha (Fig. 3.5A, B). Consistent with this we observed an upregulation 

of transcripts involved in cytoplasmic and mitochondrial translation (Fig. 3.1C, 3.5C). The 

activation of IRE1 is often accompanied by the phosphorylation of JNK (Urano et al., 2000). 

However, the phosphorylation of both JNK isoforms p54 and p46 was completely abolished in 

patient cells in galactose (Fig. 3.5B). Concomitantly, many dual specific phosphatases 

responsible for the dephosphorylation of JNK were upregulated at the transcript level (Fig. 

3.5D).  



 97 

The activation of IRE1 was associated with the increased translation of several ER quality 

control genes including transcription factors ATF3 and ATF4, proteases, CHOP/DDIT3 and the 

cellular oxygen sensor EGLN3 (Fig. 3.5A, B, D). Interestingly, the enzyme recruiting the protein 

phosphatase PP1, which dephosphorylates eIF2alpha and therefore attenuates the ISR, protein 

phosphatase GADD34 (PPP1R15A), was upregulated at the transcript level but not the protein 

level, possibly indicating a transcriptional response for prolonged ISR signalling (Fig. 3.5A, B).  

Two metabolic cytokines, fibroblast growth factor 21 (FGF21) and Growth Differentiation 

Factor 15 (GDF15), associated with mitochondrial disease and proposed as potential biomarkers, 

are often activated concomitantly with the integrated stress response (Lehtonen et al., 2016, 

Scholle et al., 2018). Protein levels of both FGF21 and GDF15 as well as transcript levels of 

GDF15 were upregulated (Fig. 3.5A, E). GDF15 transcript levels were upregulated even in 

glucose medium (Fig. 3.5A). Lastly, comparing the patient in galactose to the patient in glucose 

changed the transcripts in the same direction and has the tendency to have higher changes than 

the ‘Galactose’ condition (Fig. S3.4).  

 

Metabolic dysfunction leads to an activation of the mitochondrial unfolded protein 

response and increase in cell death 

The upregulation of the integrated stress response in the ER as well as the increase of 

FGF21 and GDF15 led us to analyse known players of the mitochondrial unfolded protein 

response in more detail (Fig. 3.6A). SIRT3, a mitochondrial NAD+-dependent protein 

deacetylase that affects gene expression in the nucleus (Scher et al., 2007), interacts with 

FOXO3 to activate anti-oxidant genes like superoxide dismutase 2 (SOD2) and catalase (CAT) 

(Tseng et al., 2013). Although transcript levels of CAT and SOD2 were reduced in the patient 

(Fig. 3.6A), the level of CAT protein was increased (Fig. 3.6B). SIRT7 is another member of 

NAD+-dependent protein deacetylases, which increases nuclear respiratory factor 1(NRF1) 

activity, and alleviating mitochondrial stress by reducing the expression of mitochondrial 

translation proteins (Mohrin et al., 2015), was also increased in our model. ATF4 and ATF5 are 

transcription factors that activate the mitochondrial unfolded protein response (Teske et al., 

2013). Transcripts for ATF4 and ATF5 were increased in patient cells in galactose medium 

consistent with the activation of the mitochondrial stress response. We saw a marked increase in 

the transcript level for the transcription coactivator peroxisome proliferation-activated receptor 
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gamma, coactivator 1 alpha (PPARGC1A, also known as PGC-1α), which enhances oxidative 

phosphorylation, mitochondrial biogenesis, antioxidant enzyme expression, and mitochondrial 

fatty acid oxidation (Fig. 3.6A) (Austin & St-Pierre, 2012, Cheng et al., 2018), but components 

of fatty acid catabolic pathway were transcriptionally downregulated (Fig. 3.1C). Transcripts for 

the downstream targets of the mitochondrial unfolded protein response, proteases including 

CLPP, HTRA2 and LONP1 and the heat shock proteins HSP70 (HSPA9), HSP60 (HSPD1) and 

HSP10 (HSPE1) were upregulated at the transcript and/or the protein level. Here too, the 

comparison of the patient in galactose versus patient in glucose, changed in the same direction 

than the comparison ‘Galactose’, underlining the marked changes of the patient in galactose (Fig. 

S3.5). Processes like autophagy and apoptosis are generally upregulated during the cellular stress 

response. In our model we could also identify an upregulation of markers of autophagy SQSTM1 

(p62) and LC3 (MAP1LC3A/B) at the transcript and the protein level for the patient in galactose 

(Fig. 3.6C). An increase, particularly in the levels of LC3B are characteristic for a higher 

autophagic flux, which clears damaged cells in the patient cells in galactose (Glick et al., 2010). 

Moreover, we could also observe increased PARP and caspase 3 cleavage in patient cells in 

galactose (Fig. 3.6D).  

In summary, we identified the activation of the integrated stress response particularly 

through the IRE1/XBP1 axis and not through the phosphorylation of eIF2alpha in patient cells in 

galactose. We identified an upregulation at the transcript and protein level of specific 

downstream targets like CHOP, CLPP, HTRA2, HSP60, HSP10, FGF21 and GDF15 acting to 

rescue the patient cells in galactose and no overall downregulation of transcription. Lastly, we 

could identify increased autophagic and apoptotic flux possibly induced by CHOP, however 

independent from the JNK pathway.  
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Discussion 
This study illustrates the metabolic consequences of nutrient stress in cells harbouring the 

CHCHD10 p.R15L pathogenic variant. This variant causes a fundamental metabolic 

reorganization with a nutrient-dependent energy deficit and an activation of the integrated stress 

response in both the endoplasmic reticulum and mitochondria. The integrated stress response in 

the ER is activated through IRE1 and not phosphorylated eIF2alpha. Our findings implicate an 

essential role of CHCHD10 in mitochondrial energy metabolism, directly affecting the 

mitochondrial respiratory chain, and subsequently resulting in a global change of cellular 

metabolism. To date, six families carrying the CHCHD10 p. R15L variant (caused b y c.44C>A 

mutation) have been reported, and all patients present with muscle wasting and progressive 

motor neuron disease, characteristic signs of pure ALS (Johnson et al., 2014, Khan et al., 2017, 

Muller et al., 2014, Zhang et al., 2015). Other CHCHD10 variants, such as p.S59L and G66V, 

cause a much broader range of disease phenotypes including frontotemporal dementia, 

mitochondrial myopathy and spinal muscular atrophy (Bannwarth et al., 2014, Chaussenot et al., 

2014, Penttila et al., 2015, Rubino et al., 2017). In all reported variants but one (CHCHD10 

p.Q108P), disease onset is late and slowly progressive (Lehmer et al., 2018). CHCHD10 variants 

present with unique features of mitochondrial disease, which are rarely linked to 

neurodegenerative diseases like ALS and PD (Gorman et al., 2016).  

Previous work exploring the role of CHCHD10 showed that the CHCHD10 p.R15L patient 

fibroblasts were unable to rely on mitochondrial respiration for energy production due to a 

complex I defect and therefore showed an increased use of glycolysis (Straub et al., 2018). 

Mitochondrial respiration in these cells could be rescued by expression of the wild-type 

CHCHD10 protein, suggesting that the mutation is haploinsufficient. In this study, we used the 

same cellular model to investigate changes in metabolites, transcripts and proteins in patient and 

rescued cells grown in glucose- and galactose- containing medium.  

Despite numerous functional studies, the physiological role of CHCHD10 remains 

unknown. The deletion of the yeast orthologue Mic17 in S. cerevisiae results in the reduction of 

mitochondrial oxygen consumption (Longen et al., 2009), implicating it in some aspect of 

oxidative metabolism. A link between energy metabolism and ALS has long been established, 

and reduced oxidative phosphorylation has been described previously for other genetic models 

(Jung et al., 2002, Mattiazzi et al., 2002, Menzies et al., 2002, Wiedemann et al., 2002). In 
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human cells, siRNA mediated knockdown of CHCHD10 does not result in a destabilization of 

OXPHOS complexes (unpublished data); however, two CHCHD10 variants have been reported 

to alter the OXPHOS complex assembly/stability. The CHCHD10 p.S59L variant was shown to 

destabilize complex V and lead to its disassembly (Bannwarth et al., 2014), and we previously 

showed the complex I defect in p.R15L patient cells was phenocopied by the CRISPR-Cas9 

mediated knockout of CHCHD10 (Straub et al., 2018). Here, our proteomics data confirmed the 

downregulation of complex I subunits in patient cells in both glucose and galactose conditions 

(Fig. 3.4B, S3.3). Moreover, the transcripts for several factors involved in the complex I and IV 

assembly were downregulated in patient cells in galactose (Fig. 3.1C).  

Nicotinamide adenine dinucleotide (NAD+) is an essential redox molecule, which enables 

mitochondrial respiration through the transport of electrons. The ratio between the oxidized and 

reduced form (NADH) influences many cellular and mitochondrial processes (Stein & Imai, 

2012). Generally, balanced levels of NAD+ protect and sustain basal metabolic function and 

health in neurons. The depletion of NAD+ leads to the activation of poly (ADP-ribose) 

polymerases, which synthesize ADP-ribose. In our model, levels of the reducing agent NADH 

was upregulated in the patient, whereas NAD+ levels were unchanged, resulting in an increased 

NADH/NAD+ ratio in glucose as well as galactose. The NADH level and therefore the level of 

reducing equivalents in mitochondria is balanced by the malate/aspartate shuttle. In patient cells 

in galactose, we identified an upregulation of the metabolite aspartate, GOT1 transcript, and a 

downregulation at the transcript level of the mitochondrial aspartate/glutamate carrier 

SLC25A12, all related to the malate-aspartate shuttle (Fig. 3.3G). In a state of electron transport 

chain deficiency and compromised aspartate export from mitochondria, which was present in 

patient cells in galactose, aspartate is synthesized by reductive glutamine metabolism from 

glutamine, which depends on GOT1 (Metallo et al., 2011, Mullen et al., 2011) (Fig. 3.3G). The 

synthesis of aspartate, usually achieved through oxidative glutamine metabolism, is necessary for 

proliferation (Birsoy et al., 2015). We previously analysed the growth of patient fibroblasts of 

which 20%, when put in galactose media undergo cell death, the remaining cells remain alive but 

only start proliferating after an adaption phase (Straub et al., 2018). This phenotype is not 

uncommon for cells with compromised oxidative metabolism, and was described to be more 

prevalent for complex I deficiencies (Robinson et al., 1992, Soustek et al., 2018). The 

upregulation of GOT1 in the patient cells likely indicates increased aspartate synthesis to help 
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patient cells adapt and eventually proliferate. And lastly, an increase in mitochondrial folate 

metabolism could result from an increased need of formate in the cytosol, supplied by 

mitochondria for purine and pyrimidine synthesis for growth (Zheng et al., 2018). 

As mentioned above, the change in the NADH/NAD+ ratio leads to an increase in ADP-

ribose, which connects the NAD pool with the AMP pool (Dolle et al., 2013). Patient cells 

showed changes in nucleotide levels and an energy deficit in galactose. ATP and GTP levels 

were decreased whereas monophosphates IMP, AMP and GMP were markedly increased. The 

inability of patient cells to generate sufficient energy under the nutrient stress conditions, hints at 

the severity of the mitochondrial dysfunction in this model. Moreover, the imbalanced 

AMP/ATP ratio resulted in an increase of phosphorylated AMPK, which positively regulates 

signalling pathways that replenish ATP supplies (Herzig & Shaw, 2018). Mitochondrial 

biogenesis, autophagy and folate metabolism were upregulated to counteract the ATP deficit in 

patient cells in galactose. Interestingly, AMPK was previously shown to be activated in TDP-43 

mouse spinal cords, and reducing AMPK activity lead to an increase in survival of motor 

neurons (Lim et al., 2012). It could, therefore, be advantageous to inhibit AMPK activation in 

order to rescue the CHCHD10 p.R15L variant induced phenotypes.  

The NADH/NAD+ and the AMP/ATP ratios also regulate the TCA cycle (Berg JM, 2002). 

Depletion of ATP generally activates, whereas increased levels of NADH block the enzymatic 

activity of certain proteins of the cycle. We identified a downregulation of metabolites and 

enzymes of the TCA cycle in patient cells in both glucose and galactose media, with more 

enzymes being affected in the galactose condition. At the same time, potential entry substrates of 

the TCA cycle, aspartate and pyruvate accumulated, whereas levels of entry substrates of 

glycolysis, glucose-6-phosphate and fructose-6-phosphate were largely decreased in patient in 

galactose. The reintroduction of wild-type CHCHD10 in patient cells rescued the very low entry 

substrates, glucose-6-phosphate and fructose-6-phosphate; however, glycolytic activity was not 

detectable. Taken together, there was a tendency to decrease TCA cycle flux, aspartate and 

pyruvate were used for cell proliferation instead (Fig. 3.3G). Interestingly, the supplied 

glutamate in the culture media was not sufficient to upregulate the TCA cycle to normal levels. 

Recent studies of two ALS mouse models have demonstrated fundamental shifts in energy 

metabolism. A study describing an SOD1 mouse model identified a metabolic switch from 

glycolysis toward the use of lipids in muscle (Palamiuc et al., 2015). This switch is regulated by 
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the pyruvate dehydrogenase kinase 4 (PDK4), which phosphorylates the PDH complex and 

thereby redirects the metabolic flux through the TCA cycle from lipids instead of glucose 

(Palamiuc et al., 2015). Another study in a mouse model of CHCHD10 p.S59L, found that white 

fat tissue was almost entirely lost coinciding with an increase of the lipid metabolism regulating 

protein FGF21 (Anderson et al., 2019a). In our model, we identified an upregulation of PDK4 at 

the transcript level as well as FGF21 at the protein level, consistent with the absence of 

glycolytic flux in galactose medium. What role the lipid catabolism plays in our model could not 

be determined as acetoacetyl-CoA levels were not determined. However, the synthesis of lipids 

was possibly slightly increased in the rescue cells as the compound malonyl-CoA was increased 

in galactose. 

Cellular proliferation is tightly linked to cellular stress and regulated cell death. The 

activation of the integrated stress response can be initiated through one of the following sensors 

in the ER: (1) the inositol-requiring enzyme 1 (IRE1); (2) the extrinsic sensors PERK, PKR, 

GCN2, HRI, sensing unfolded protein, viral infection, amino acid deprivation and hypoxia, 

respectively; and (3) the activating transcription factor 6 (ATF6) (Pakos-Zebrucka et al., 2016). 

The activation of IRE1 leads to the splicing of XBP1, which renders the protein transcriptionally 

active and initiates the upregulation of stress target proteins. Moreover, IRE1 promotes a process 

called ‘regulated IRE1-dependent decay’ (RIDD), which degrades mRNAs of ER-targeted 

proteins to reduce the load of incoming proteins into the ER (Hollien & Weissman, 2006). And 

lastly, IRE1 activates the JNK pathway through the phosphorylation of JNK, which regulates 

gene expression and apoptosis (Urano et al., 2000). The phosphorylation of eiF2alpha through 

PERK, PKR, GCN2 or PERK on the other hand results in an overall decrease of global cellular 

protein synthesis, but a specific increase of proteins which are needed for the stress response and 

survival (Pakos-Zebrucka et al., 2016). Recently, two groups revealed the activation of the 

integrated stress response for the CHCHD10 variant p.S59L and the double knock-out of 

CHCHD10 and CHCHD2 in mouse (Anderson et al., 2019a, Liu et al., 2019). CHCHD10 p.S59L 

aggregated in a knock-in (KI) mouse model and thereby induced the activation of mTORC1, the 

increase of transcription factors specific for the stress response, the secretion of metabolic 

cytokines FGF21 and GDF15, the upregulation of the serine and one-carbon metabolism, and the 

downregulation of the respiratory chain complexes (Anderson et al., 2019a). Although the 

p.S59L CHCHD10 variant appeared to act through a dominant gain of function mechanism 
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(Anderson et al., 2019a), the p.R15L CHCHD10 variant through a haploinsufficient mechanism 

(Straub et al., 2018), and the double-knock-out presented a total lack of protein, in all three 

models the integrated stress response was upregulated. Our results show that the integrated stress 

response was activated through the IRE1/XBP1 axis and not through the phosphorylation of 

eIF2alpha in CHCHD10 p.R15L patient cells under nutrient stress conditions. This activation 

induced the transcription of characteristic ER stress survival proteins, however no general 

attenuation of translation. Moreover, we did not identify an activation of mTOR but rather an 

inhibition through the phosphorylation of AMPK. Furthermore, we observed increased 

autophagic and apoptotic flux, which was regulated through increased CHOP levels but not 

phosphorylated JNK. Phosphorylated JNK has been shown to be involved in apoptosis through 

the phosphorylation of BcL2 family of proteins (Tsuruta et al., 2004). The JNK1 and JNK2 

double knock-out cells are resistant to apoptosis and interestingly CHCHD10 mutant cells have 

also been found to be less sensitive to apoptotic cell death (Genin et al., 2016, Tournier et al., 

2000). Considering our results, we can speculate that CHCHD10 variants cause abnormalities in 

the homeostasis of healthy cells through the inhibition of JNK phosphorylation and the 

upregulation of XBP1. The knockdown of XBP1 led to an increase in macroautophagy in vivo in 

other ALS models, and could comprise a valuable starting point for future research studying 

CHCHD10 related disorders (Hetz et al., 2009).  

In summary, our study describes how the CHCHD10 p.R15L variant affects mitochondrial 

metabolism, especially in nutrient stress conditions (Fig. 3.7). The complex I deficiency leads to 

an increased NADH/NAD+ ratio, which is exacerbated in galactose, where the cell relies solely 

on mitochondria for energy production. The cell responds to the proliferation defect associated 

with the energy deficit, through the synthesis of aspartate from malate through GOT1 and the 

upregulation of the mitochondrial folate metabolism to supply formate to the cytosol. This 

process as well as the high levels of NADH result in diminished activity of the TCA cycle. High 

levels of AMP, and therefore the AMP/ATP ratio, result in increased phosphorylation of AMPK 

with the activation of catabolic processes on one hand and the deactivation of mTOR on the 

other hand. These metabolic changes activate the integrated stress response in the ER through the 

IRE1/XBP1 axis and the unfolded protein response in mitochondria. Finally, the patient cells 

either survive the existing nutrient stress by adapting their metabolism over time or undergo 

apoptosis, through a JNK independent mechanism as a result of the activation of the integrated 



 104 

stress response. We can speculate, that in motor neurons, the specific cells affected by ALS, are 

more susceptible to mitochondrial dysfunction and potentially suffer damage much earlier in 

limited nutrient conditions than fibroblasts. It is known that ageing results in decreased neuronal 

uptake of glucose therefore rendering motor neurons harbouring CHCHD10 p.R15L variant 

more susceptible to cell death in the ageing individual (Yin et al., 2016). We therefore propose 

the careful consideration of targeting mitochondrial metabolism and the integrated stress 

response for potential treatments in ALS models of CHCHD10, and potentially Parkinson 

models of CHCHD2.   
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Materials and Methods 
 

Human studies 

The investigation of cell lines was approved by the institutional review board of the Montreal 

Neurological Institute, McGill University. 

Cell lines and media 

A primary fibroblast culture was previously established from a heterozygous carrier of c.44G>T 

(p.R15L) (patient DNA #8807) diagnosed with sporadic ALS at age 54 (involving his upper 

limb) and died at the age of 69 (Straub et al., 2018, Zhang et al., 2015). The variant CHCHD10 

p.R15L, has been associated with ALS in several independent studies (Johnson et al., 2014, 

Muller et al., 2014, Zhang et al., 2015). Fibroblasts stably overexpressing CHCHD10 in patient 

cells (rescue) were engineered using retroviral vectors as described previously (Lochmuller et al., 

1999, Straub et al., 2018). Cells were cultivated in 4.5 g/l glucose DMEM supplemented with 

10% fetal bovine serum (FBS) and 5% pen/strep, at 37 °C in an atmosphere of 5% CO2. For 

carbon source-dependent experiments, fibroblasts were cultivated for two days in DMEM with 

10% dialyzed FBS supplemented with either 4.5 g/l glucose or 4.5 g/l galactose before 

harvesting for ‘omics’ experiments. 

Mitochondrial isolation 

Fibroblasts were washed twice with phosphate buffered saline (PBS), resuspended in ice-cold 

buffer (250 mM sucrose,10 mM Tris–HCl, pH 7.4), and homogenized by nitrogen cavitation 

under 500 psi pressure for 5 min. A post-nuclear supernatant was obtained by centrifugation of 

the samples twice for 10 min at 600 ´ g. Mitochondria were pelleted by centrifugation for 10 min 

at 10 000 ´ g and washed once in the same buffer. Protein concentration was determined using 

the Bradford assay. 
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Antibodies 

Antibodies directed against the following proteins were used in this study: CHCHD10 (Sigma, 

HPA003440), CHCHD2 (Sigma, HPA027407) SDHA (abcam, ab14715), AMPK (Cell 

Signaling, 2532), p-AMPK (Thr172) (Cell Signaling, 2535), AKT (Cell Signaling, 9272S), p-

AKT (Cell Signaling, 4060S), mTOR (Cell Signaling, 2983P), p-mTOR (Cell Signaling, 5536P), 

S6 (Cell Signaling, 2217), p-S6 (Cell Signaling, 4858), SDHA (abcam, ab14715), CLPP 

(Proteintech, 15698-1-1AP), HTRA2 (Proteintech, 15775-1-AP), HSP60 (Santa Cruz, sc-

136291), CAT (Abclonal, A11777), HSP10 (Santa Cruz, SC-376313), LC3 (Cell Signaling, 

D3U4C), SQSTM1 (Cell Signaling, 8025), PERK (Cell Signaling, 5683), p-eIF2a Ser 51 

(SIGMA, SAB4504388), ERN1 (Cell Signaling, 3294), BIP (abcam, ab21685), XBP1 (Santa 

Cruz, sc-7160), FGF21 (abcam, ab171941), GDF15 (abcam, ab106006), GCN2 (Cell Signaling, 

3302), p-JNK/SAPK (T183/Y185) (Cell Signaling, 9251), CHOP/DDIT3 (Cell Signaling, 5554), 

PARP (Cell Signaling, 9542), cleaved PARP (Cell Signaling, 9541), cleaved caspase 3 (Cell 

Signaling, 9661S).  

SDS-PAGE and immunoblot analysis 

Cells were pelleted and lysed with 1.5% n-dodecyl-D-maltoside (DDM) in PBS with cOmpleteä 

protease inhibitor (Roche) for 15 min on ice. Cells were centrifuged at 20,000 ´ g for 20 min at 

4 °C. Protein concentration was determined using Bradford assay. 2x Laemmli buffer was added 

to 20-30 µg of protein and denatured at 55 °C for 15 min. The mixture was run on denaturing 

8 % to 12.5 % polyacrylamide gels. Separated proteins were transferred onto a nitrocellulose 

membrane and immunoblot analysis was performed with the indicated antibodies in 5% milk in 

tris-buffered saline and Tween 20 (TBST).  

RNA extraction and RNA sequencing 

Total RNA from fibroblasts was extracted and purified by using RNeasy Mini kit (QIAGEN). 

RNA quality was tested on a 1% agarose gel and then RNA sequencing was performed by 

GENEWIZ on the Illumina HiSeq instrument. 
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Transcriptomic analysis 

The sample analysis was done by GENEWIZ. The original read counts were normalized to 

adjust for various factors such as variations of sequencing yield between samples. These 

normalized read counts were used to accurately determine differentially expressed genes. Data 

quality assessments were performed to detect any samples that are not representative of their 

group, and thus, may affect the quality of the analysis. Using DESeq2, a comparison of gene 

expression between groups of samples was performed. Groups were defined as follows: (1) 

‘Glucose’: patient in glucose versus rescue in glucose, (2) ‘Galactose’: patient in galactose 

versus rescue in glucose, (3) ‘Patient’: patient in galactose versus patient in glucose and (4) 

‘Rescue’: rescue in galactose versus rescue in glucose. The Wald test was used to generate p-

values and log2 fold changes. Genes with an adjusted p-value < 0.05 and absolute log2 fold 

change > 1 were considered as differentially expressed genes. RNA sequencing data was 

deposited to NCBI Gene Expression Omnibus (GEO), GSE144725.  

Gene ontology analysis 

Gene ontology (GO) analysis of significant differentially expressed transcripts was performed 

using the annotation tool ENRICHR (https://amp.pharm.mssm.edu/Enrichr/, GO_BP 2018), 

focusing on the GO term of biological processes (Chen et al., 2013, Kuleshov et al., 2016). As an 

input, gene symbols of genes passing the cut off of log2 fold change of ≷	± 0.3 were used. A 

maximum p-value of 0.05 was chosen to select only significant enrichment. 

Metabolite extraction and analysis 

Metabolite extraction was performed according to the protocol of Human Metabolome 

Technologies, Inc. Briefly, 5 million cells where seeded in four replicates for each condition, one 

for counting and three for the collection of metabolites in three independent biological replicates. 

The culture medium was aspirated from each culture plate and cells were washed twice with 

washing buffer (5% w/w mannitol solution). The washing buffer was aspirated and methanol 

(LC/MS grade) together with an internal standard solution was added to extract metabolites. Cell 

extracts were centrifuged for 5 min at 2,300 ´ g at 4 °C. The supernatant was transferred into 

ultracentrifuge filter cups and centrifuged at 9,000 ´ at 4 °C for 3 hours. The tube was set up in a 
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centrifugal evaporator for 6 hours to evaporate the supernatant and obtain the metabolites as 

precipitate. Metabolites were quantified by Human Metabolome Technologies, Inc. 

Metabolic pathway analysis was performed using the integrative tool for joint pathway analysis 

in the MetaboAnalyst 4.0 platform (http://www.metaboanalyst.ca; (Chong et al., 2018)). 

Metabolites and proteins were selected with a cut-off of log2 fold change of ≷	± 0.2 and a p-

value < 0.05. Selected parameters were: hypergeometric test for enrichment analysis, degree 

centrality for topology analysis, metabolic pathways for pathway database and ‘combine query’ 

as the integration method. Metabolomic data sets will be deposited to ‘MetaboLights’. 

Proteome extraction and analysis 

Fibroblasts were grown to 90% confluency in 15 cm dishes to lead to a minimum of 2 ´ 106 cells 

per condition. Cells were rinsed 2-3 times with 1x PBS to remove cell culture media and pelleted 

at 600 ´ g. Cells were lysed with lysis buffer (50 mM HEPES, 1% SDS, 150 mM NaCl). The 

lysate was centrifuged at 16,000 ´ g for 10 minutes at 4 °C. Protein concentration was 

determined in the supernatant by BCA Protein Assay Kit (Thermo Fisher Scientific, #23227). 

100 µg of protein was transferred into a new tube and the final volume was adjusted to 100 µL 

with 100 mM triethylammonium bicarbonate (TEAB). 5 µL of 200 mM tris(2-

carboxyethyl)phosphine) (TCEP) was added and samples were incubated at 55 °C for 1 hour. 5 

µL of 375 mM iodoacetamide was added to the mix and let stand for 30 minutes protected from 

light at room temperature. 600 µL of pre-chilled acetone (-20 °C) was added and the mix was put 

at -20 °C over-night to precipitate. Samples were centrifuged at 8000 ´ g for 10 minutes at 4 °C. 

The tubes were carefully inverted to decant the acetone and let dry for 30 min at room 

temperature. Samples were digested, labelled and analysed by mass spectrometry on an Orbitrap 

(Thermo Scientific) at the Institute de Recherches Cliniques (IRCM) de Montreal. The isobaric 

labelling of the peptides was performed using 10-plex TMT reagents (Thermo Fisher Scientific).  

Differentially expressed proteins were identified by performing Welch’s t-statistic test, 

comparing patient cells with rescue cells in glucose and galactose. Values were normalized by 

subtraction of the mean from the log2 values of the comparison ratios. The mass spectrometry 

proteomics data sets will be deposited to the ProteomeXchange Consortium. 
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Bioinformatic and statistical analysis 

Pathways, transcripts and proteins selected in each condition were filtered after Benjamini-

Hochberg correction at an adjusted p-value < 0.05 (FDR 5%). All data analysis and plots were 

generated using R and RStudio and modified using Adobe Illustrator CC. For the rest of the 

analysis, data were expressed as mean ± SEM, and p-values were calculated using two-tailed 

Welch’s t-test for pairwise comparisons of metabolites and proteins and the Wald as well as the 

Wilcoxon test for transcripts. Statistical tests were performed using RStudio and GraphPad Prism 

6.0 (*, P < 0.05; **, P < 0.01; ***, P < 0.001; n≥ 3).  
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Figures 

 
Figure 3.1 Disturbed biological processes revealed by RNAseq analysis. 
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(A) Schematic representation of the omics experiments. Patient and rescue cells were grown in 

glucose or galactose media for 48 h and subsequently, the metabolome, transcriptome and 

proteome were analysed. 

(B) Violin Plot representing the distribution of log2 fold change of expression (patient vs 

rescue) in the two conditions (‘Glucose’ and ‘Galactose’) for significantly detected transcripts 

(FDR<0.05).  

(C) Circular Bar Plot depicting mitochondrial transcripts with a minimum log2 fold change 

(patient vs rescue) of ±0.3 in ‘Glucose’ and ‘Galactose’, grouped based on the GO term: 

Biological Processes. Bars facing upwards from the inner circle represent the upregulated 

transcripts, and bars facing inwards represent the downregulated transcripts. Asterisk ‘*’ 

indicates transcripts with a log2 fold change >1.  
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Figure 3.2 RNAseq analysis reveals changes in one-carbon metabolism. 

(A) Dot plot representing the fold change of the transcripts of the folate and serine metabolism. 

Fold change is represented in log2 scale. Large circles represent significant values (FDR<0.05), 

small circles show non-significant values (FDR>0.05). ‘Glucose’ (green) represents the 
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comparison of patient versus rescue cells in glucose. ‘Galactose’ (red) represents the comparison 

of patient versus rescue cells in galactose.  

(B) Graphical representation of enzymes and metabolites of the one-carbon metabolism. 

Selected enzymes are shown in blue boxes for cytosolic and mitochondrial folate metabolism as 

well as serine and methionine metabolism (created with BioRender). 
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Figure 3.3 Metabolomic analysis reveals a high NADH/NAD+ ratio which stalls the TCA cycle 

in patient cells. 

(A) Principal component analysis of the overall metabolomic profile. Symbols convey 

information about the four individual groups and their three replicates. 

(B) Violin Plot representing the distribution of the log2 fold change (patient/rescue) for all 

measured metabolites. Box plots indicate the median and the first and third quartile. The number 

of metabolites in each group are indicated in parentheses below the graph. 

(C) Dot plot representing the fold change of the most changed metabolites for each condition. 

Fold change is represented in log2 scale and the data show only metabolites with significant 

differences with a p-value <0.05. The p-value is computed by Welch’s test. 

(D) Bar plots representing the most significantly changed metabolites. Concentrations are 

depicted in nmol/g and ratios are pure ratios. Values for the patient cells are in dark grey and 

values for the rescue cells are in light grey. P-values were computed by Welch’s test, *p<0.05, 

**p<0.01, ***p<0.001. 

(E) Western blot analysis of proteins involved in the mTOR pathway. Whole cell extracts from 

patient and rescue fibroblasts grown in glucose and galactose for 2 days were separated by SDS-

PAGE and probed with antibodies against indicated proteins. SDHA was used as a loading 

control. Bar plot indicates the quantification of the western blot analysis, where patient is 

depicted in dark grey and rescue in light grey, *p<0.05, **p<0.01, ***p<0.001.  

(F) Dot plot representing the fold change of the most changed amino acid levels for each 

condition. Fold change is represented in log2 scale and data show only metabolites with 

significant differences with a p-value <0.05. The p-value is computed by Welch’s test. 

(G) Graphical representation of enzymes and metabolites of the malate aspartate shuttle. 

Selected enzymes are shown in green boxes for cytosolic and mitochondrial processes (created 

with BioRender). 
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Figure 3.4 Integration of proteomics and metabolomics confirms insufficient TCA cycle at the 

protein level. 

(A) Pie chart representing the total number of proteins identified in all conditions by TMT 

quantitative proteomics analysis. Number of nuclear encoded mitochondrial proteins 

(MitoCarta2.0) are indicated, as well as the percentage relative to the total. 

(B) Volcano plot representing the results of differential protein expression analysis between 

patient and rescue cells in galactose. x-axis values represent the log2 fold change and y-axis 

values represent the -log10 of the adjusted p-value. Selected mitochondrial proteins of interest 

are labelled.  

(C) Joint pathway enrichment analysis performed with the MetaboAnalyst tool of significant 

up- or down-regulated metabolites and proteins in glucose and galactose condition. Scatterplots 

represent p-values from integrated enrichment analysis and impact values from pathway 

topology analysis using KEGG metabolic pathways. The node colour represents the p-values and 

the node radius is based on the pathway impact values calculated with degree centrality. 
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Figure 3.5 Metabolic dysfunction leads to canonical ER stress response in patient in galactose. 
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(A) Dot plot representing the fold change of the transcripts of ER integrated stress response. 

Fold change is represented in log2 scale. Large circles represent significant values (FDR<0.05), 

small circles show non-significant values (FDR>0.05). ‘Glucose’ (green) represents the 

comparison of patient versus rescue cells in glucose. ‘Galactose’ (red) represents the comparison 

of patient versus rescue cells in glucose.  

(B) Western blot analysis of the proteins involved in the integrated stress response of the ER. 

Whole cell extracts from patient and rescue fibroblasts grown in glucose or galactose for 2 days 

were separated by SDS-PAGE and probed with antibodies against indicated proteins. SDHA was 

used as a loading control. Bar plot indicates the quantification of the western blot analysis 

normalized to SDHA, where patient is depicted in dark grey and rescue in light grey, *p<0.05, 

**p<0.01, ***p<0.001.  

(C) Violin Plot representing the distribution of the log2 fold change (patient/rescue) for 

transcripts involved in translation for the glucose and galactose condition. Box plots indicate the 

median and the first and third quartile. Wilcoxon statistical test, ***p<0.001. 

(D) Volcano plot representing the results of differential gene expression analysis between 

patient and rescue cells in galactose for proteins involved in the integrated stress response in the 

ER. x-axis values represent the log2 fold change and y-axis values represent the -log10 of the 

adjusted p-value. Selected genes of interested are labelled.  

(E) Western blot analysis of GDF15 and FGF21. Whole cell extracts from patient and rescue 

fibroblasts grown in glucose or galactose for 2 days were separated by SDS-PAGE and probed 

with antibodies against GDF15 and FGF21. SDHA was used as a loading control. Bar plot 

indicates the quantification of the western blot analysis, where patient is depicted in dark grey 

and rescue in light grey, *p<0.05, **p<0.01, ***p<0.001.  
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Figure 3.6 Metabolic dysfunction leads to an activation of the mitochondrial integrated stress 

response and increased autophagy. 

(A) Dot plot representing the fold change of the transcripts of mitochondrial integrated protein 

response. Fold change is represented in log2 scale. Large circles represent significant values 

(FDR<0.05), small circles show non-significant values (FDR>0.05). ‘Glucose’ (green) represents 
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the comparison of patient versus rescue cells in glucose. ‘Galactose’ (red) represents the 

comparison of patient versus rescue cells in glucose.  

(B) Western blot analysis of the proteins involved in mitochondrial integrated stress response. 

Whole cell extracts from patient and rescue fibroblasts grown in glucose or galactose for 2 days 

were separated by SDS-PAGE and probed with antibodies against indicated proteins. SDHA was 

used as a loading control. Bar plot indicates the quantification of the western blot analysis 

normalized to SDHA, where patient is depicted in dark grey and rescue in light grey, *p<0.05, 

**p<0.01, ***p<0.001.  

(C) Western blot analysis of the proteins involved in autophagy. Whole cell extracts from 

patient and rescue fibroblasts grown in glucose or galactose for 2 days were separated by SDS-

PAGE and probed with antibodies against indicated proteins. SDHA was used as a loading 

control. Bar plot indicates the quantification of the western blot analysis, where patient is 

depicted in dark grey and rescue in light grey, *p<0.05, **p<0.01, ***p<0.001.  

(D) Western blot analysis of the proteins involved in apoptosis. Whole cell extracts from 

patient and rescue fibroblasts grown in glucose or galactose for 2 days were separated by SDS-

PAGE and probed with antibodies against indicated proteins. SDHA was used as a loading 

control. Bar plot indicates the quantification of the western blot analysis, where patient is 

depicted in dark grey and rescue in light grey, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 3.7 Synopsis (created with BioRender). 

Mitochondrial metabolism and energy production plays a key role in cellular homeostasis. Here, 

disturbed metabolism can be related to the pathology of an ALS disease causing mutation in 

mitochondrial protein, CHCHD10. The variant CHCHD10 p.R15L leads to a complex I 

deficiency resulting in an increase in NADH/NAD+ ratio and a downregulation of the TCA 

cycle. In stress condition (galactose), patient cells lack cellular energy and even with substitute 

use of glutamine have a highly upregulated AMP/ATP ratio, which leads to an increased 

phosphorylation of AMPK and the subsequent activation of catabolic pathways and the 

downregulation of the growth targeted mTOR pathway. The metabolic stress condition results in 

an activation of the integrated stress response of the ER through IRE1 and not through 

eIF2alpha. The upregulation of different proteases as well as heatshock proteins and the 

metabolic cytokines FGF21 and GDF15 points to a simultaneous activation of the unfolded 

protein response in mitochondria. Finally, patient cells show increased cell death through 

apoptotic processes independent of JNK.
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Supplementary Materials 
 

 
Figure S3.1 Analysis of the transcriptome. 

(A) Volcano plot representing the results of differential transcript expression analysis between 

patient and rescue cells in glucose. x-axis values represent the log2 fold change and y-axis values 

represent the -log10 of the adjusted p-value. 

(B) Volcano plot representing the results of differential transcripts expression analysis between 

patient and rescue cells in galactose. x-axis values represent the log2 fold change and y-axis 

values represent the -log10 of the adjusted p-value. 

(C) Schematic representation of the treatment comparison. ‘Patient’ (purple) is defined as 

patient in galactose versus patient in glucose. ‘Rescue’ (blue) is defined as rescue in galactose 

versus rescue in glucose.  
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(D) Dot plot representing the fold change of the transcripts of the folate and serine metabolism 

in response to the treatment. Fold change is represented in log2 scale. Large circles represent 

significant values (FDR<0.05), small circles show non-significant values (FDR>0.05). ‘Patient’ 

(purple) represents the comparison of patient cells in galactose versus patient cells in glucose. 

‘Rescue’ (blue) represents the comparison of rescue cells in galactose versus rescue cells in 

glucose.  

 

 

 

 

 

 

 
Figure S3.2 Analysis of the metabolome. 

(A) Heat map analysis of the metabolome. Hierarchical clustering of samples (columns) and 

metabolites (rows) was based on the standardized value of relative area in detected peaks. 

Upregulated metabolites are shown in red, downregulated metabolites in green.  

(B) Bar plots representing the change of SAH, SAM and their ratio. Concentrations are 

depicted in nmol/g and ratios are pure ratios. Values for the patient cells (dark grey), value for 

the rescue cells (light grey). The p-value is computed by Welch’s test. SAH was not detected in 

patient cells. 
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Figure S3.3 Proteome in glucose. 

Volcano plot representing the results of differential protein expression analysis between patient 

and rescue cells in glucose. x-axis values represent the log2 fold change and y-axis values 

represent the -log10 of the adjusted p-value. Selected mitochondrial proteins of interested are 

labelled.  
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Figure S3.4 Canonical ER stress response in patient in galactose compared to patient in glucose. 

Dot plot representing the fold change of the transcripts of the ER integrated stress response in 

response to treatment. Fold change is represented in log2 scale. Large circles represent 

significant values (FDR<0.05), small circles show non-significant values (FDR>0.05). ‘Patient’ 

(purple) represents the comparison of patient cells in galactose versus patient cells in glucose. 

‘Rescue’ (blue) represents the comparison of rescue cells in galactose versus rescue cells in 

glucose.  
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Figure S3.5 Canonical mtUPR in patient in galactose compared to patient in glucose. 

Dot plot representing the fold change of the transcripts of mitochondrial integrated protein 

response in response to treatment. Fold change is represented in log2 scale. Large circles 

represent significant values (FDR<0.05), small circles show non-significant values (FDR>0.05). 

‘Patient’ (purple) represents the comparison of patient cells in galactose versus patient cells in 

glucose. ‘Rescue’ (blue) represents the comparison of rescue cells in galactose versus rescue 

cells in glucose.  
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Preface to chapter 4 
 
The first two studies dealt with the pathogenic effects of the CHCHD10 p.R15L variant, which 

had been associated with ALS in several patients. In the first chapter we identified CHCHD2 as 

the primary interaction partner of CHCHD10. CHCHD2 expression affected endogenous levels 

of CHCHD10, and CHCHD2 appeared to act upstream of CHCHD10, as CHCHD10 expression 

did not influence CHCHD2 levels. Both proteins are intermembrane space proteins with 

unknown function associated with neurodegenerative disease. Due to an amino acid sequence 

identity of 55% between the two proteins in Homo sapiens and their late duplication event in the 

evolutionary process only with metazoans, it is likely that both proteins have similar, but not 

completely overlapping functions. Moreover, levels of both proteins increased in various stress 

conditions. In the third study we analysed the effects of the loss of CHCHD2 in human 

fibroblasts as well as the influence of CHCHD2 disease variants p.T61I and p.R145Q on 

mitochondria. We also conducted transcriptomic and proteomic analysis of the variants 

compared to CHCHD2 knockout and control.  
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CHAPTER 4 
CHCHD2 interacts with RNA binding proteins outside of mitochondria and 

pathogenic variant p.T61I causes disturbed interaction with CHCHD10 
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Abstract 
Variants in CHCHD2 have been associated with Parkinson’s disease, but the mechanisms of 

pathogenesis are not well understood. The wild-type protein forms a complex with its paralogue 

CHCHD10, and interacts with another predominantly mitochondrial protein C1QBP/p32. To 

investigate the role of the protein and the pathogenicity of CHCHD2 variants we generated a 

CHCHD2 knockout in fibroblasts in which we expressed the two most common variants p.T61I 

and p.R145Q. The loss of CHCHD2 resulted in decreased levels of OXPHOS complexes, 

mitochondrial fragmentation, and an increase of CHCHD10 in the high molecular weight 

complex. Expression of wild-type CHCHD2, but not the pathogenic variants, rescued the 

OXPHOS phenotype. Expression of the p.T61I variant led to an increased accumulation of the 

230 kDa CHCHD2/CHCHD10 complex and additional complexes of CHCHD10. Although the 

majority of CHCHD2 localizes to mitochondria, analysis of its interactome showed that it also 

interacts with DNA/RNA binding proteins (ALYREF, YBX1, CHTOP, LBR) outside of 

mitochondria. The interaction with these proteins is absent or reduced with both pathogenic 

variants. Transcriptomic and proteomic analysis of knockout fibroblasts in which a wild-type or 

mutant CHCHD2 cDNAs was reintroduced, showed that transcripts and proteins involved in 

RNA binding were amongst those showing the largest changes when compared to the knockout. 

These findings suggest a role of CHCHD2 in RNA metabolism outside of mitochondria, a 

hypothesis which needs further validation. 
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Introduction 
Parkinson’s disease (PD) is the most prevalent neurodegenerative disease with loco-

motor defects (Nussbaum & Ellis, 2003). Mitochondrial dysfunction has long been proposed to 

underlie the neuronal degeneration associated with PD, and over the last several years several 

genetic causes of PD have been identified, especially in early onset forms of the disease, 

confirming this suspicion (Henchcliffe & Beal, 2008). The PINK1-Parkin pathway implicates 

mitophagy - the turnover of defective mitochondria - as a centrepiece in the pathophysiology of 

familial PD. Variants in the mitochondrial protein CHCHD2 were suggested to cause late onset 

autosomal dominant PD as well as sporadic PD (Foo et al., 2015, Funayama et al., 2015, Ikeda et 

al., 2017, Jansen et al., 2015, Koschmidder et al., 2016, Lee et al., 2018, Li et al., 2016, Nicoletti 

et al., 2018, Ogaki et al., 2015, Shi et al., 2016, Wu et al., 2016). A CHCHD2 missense mutation 

(c.182C>T, p.Thr61Ile) was identified in a family with dominantly inherited late-onset PD (8 

cases), and further screening revealed another patient with the same mutation, and two potential 

splice site mutations in two additional families (c.424G>A, p.Arg145Gln; in intron: 

c.300+5G>A) (Funayama et al., 2015). Although multiple variants of CHCHD2 have been 

reported (Foo et al., 2015, Jansen et al., 2015, Koschmidder et al., 2016, Ogaki et al., 2015, Shi 

et al., 2016, Yang et al., 2016), there is sufficient evidence for pathogenicity in only two of them: 

p.T61I and p.R145Q (Imai et al., 2019b).  

The CX9C motif containing protein CHCHD2 is a mitochondrial intermembrane space 

protein that is imported via the Mia40 import pathway (Becker et al., 2012). CHCHD2 forms a 

high molecular weight complex with its paralogue CHCHD10, mutations in which have been 

associated with amyotrophic lateral sclerosis (ALS), frontotemporal dementia (FTD), 

mitochondrial myopathy and others (Ajroud-Driss et al., 2015, Auranen et al., 2015, Chio et al., 

2015, Dols-Icardo et al., 2015, Johnson et al., 2014, Kurzwelly et al., 2015, Muller et al., 2014, 

Pasanen et al., 2016, Penttila et al., 2015, Ronchi et al., 2015, Rubino et al., 2018, Ryan et al., 

2019, Shen et al., 2017, Straub et al., 2018, Zhang et al., 2015, Zhou et al., 2017a). CHCHD2 

was reported to be a regulator of oxidative phosphorylation and cell migration (Baughman et al., 

2009, Wei et al., 2015) and in a Drosophila model playing a role in regulating the function of 

cytochrome c in oxidative phosphorylation (Meng et al., 2017).  

CHCHD2 has also been proposed to be a multifunctional protein with localization in 

cellular compartments other than mitochondria. Correlated gene expression for CHCHD2 
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suggested a role in cellular translation (Nayak et al., 2009), and several reports describe dual 

localization for CHCHD2 and/or CHCHD10 in mitochondria and the nucleus (Liu et al., 2015, 

Purandare et al., 2018, Wilson et al., 2020, Woo et al., 2017). CHCHD2 was also reported to 

regulate the expression of the nuclear-encoded COX4I2 subunit (Aras et al., 2015, Aras et al., 

2013). In a recent paper, the same group described dual localization of CHCHD10, and 

suggested that its presence in the nucleus repressed the transcription of COX4I2 and CHCHD2 

(Purandare et al., 2018). Furthermore, a CHCHD10 variant, with a mutation in the CHCH-

domain (p.Q108*) was observed to localize to the nucleus (Lehmer et al., 2018). Lastly, the 

proposed interaction of CHCHD2 with Bcl-xL, suggested a localization to the outer 

mitochondrial membrane, where it inhibits apoptosis (Liu et al., 2015). It is evident that 

CHCHD2 may play a role in a multitude of cellular functions and understanding these is 

fundamental to understanding the pathogenicity of CHCHD2 mutations.  

In this study, we extend our knowledge of the role of CHCHD2 and the effect of two 

pathogenic variants, p.T61I and p.R145Q using transcriptomic, proteomic and functional 

analyses. We used CHCHD2 knockout cells, and knockout cells where wild-type CHCHD2 or 

the pathogenic variants were reintroduced. Apart from the already established effect of CHCHD2 

on respiratory function, our results suggest a role for CHCHD2 outside of the mitochondrial 

intermembrane space in RNA metabolism and translation.  

 

  



 144 

Results 
To investigate the function of CHCHD2 and its pathogenic variants associated with PD, we 

created a CRISPR-Cas9 mediated knockout cell line of CHCHD2 in control fibroblasts (hereafter 

referred to as knockout, KO). Subsequently, wild-type CHCHD2 and the two pathogenic disease 

variants p.T61I and p.R145Q were reintroduced into the knockout cell line on a retroviral 

expression vector (hereafter referred to as KO+WT, KO+T61I, and KO+R145Q) (Fig. 4.1A). 

CHCHD2 was undetectable in the knockout cell line by immunoblot analysis (Fig. 4.1B), and the 

transcript was decreased to 4.4% by qRT-PCR analysis (Fig. 4.1C). The CHCHD2 KO was 

associated with a small decrease in CHCHD10 transcript levels (73% of control) and CHCHD10 

protein levels (60% of control). Expression of the wild-type CHCHD2 cDNA in the knockout 

cell line, resulted in protein levels comparable to, or slightly higher than control (Fig. 4.1B). 

Interestingly, in these cells, transcripts for both CHCHD2 and CHCHD10 were decreased by 

21% and 48%, respectively (Fig. 4.1C) and the levels of CHCHD10 protein were decreased 

(29% of control). The expression of CHCHD2 p.T61I, resulted in about 50% of protein 

compared to control and unchanged CHCHD10 levels (Fig. 4.1B). At the transcript level 

CHCHD2 p.T61I was 39% of control and CHCHD10 transcript levels were unchanged (Fig. 

4.1C). The CHCHD2 p.R145Q variant showed the lowest expression of the protein (25%) and 

transcript (43%) compared to control (Fig. 4.1B, C), and CHCHD10 protein and transcript levels 

are unchanged for this variant.  

As shown previously, the disease variant CHCHD2 p.T61I amino acid substitution is 

located in the hydrophobic region of the protein, and the change from threonine to isoleucine 

renders the protein more lipophilic (Fig. S4.1A) (Huang et al., 2018). To assess the 

hydrophobicity of the CHCHD2 pathogenic variants we tested their susceptibility to alkaline 

carbonate extraction. CHCHD2 wild-type protein was previously described as 89% soluble, 

whereas the CHCHD2 variant p.T61I only showed a 76% solubility (Huang et al., 2018). We 

found that 48% of the CHCHD2 p.T61I variant was found in the pellet, whereas only 18% and 

20% of the wild-type or the CHCHD2 p.R145Q variant were detected in the insoluble fraction 

(Fig. 4.1D). The hydrophobicity of CHCHD10 did not change under any of the conditions tested.  

CHCHD2 and CHCHD10 have been reported to increase in response to stress, and in 

particular under conditions where the mitochondrial membrane potential is dissipated (Huang et 

al., 2018, Meng et al., 2017). To test whether the stability of CHCHD2 variants depends on 
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membrane potential, we investigated their response to treatment with CCCP, which completely 

collapses the mitochondrial membrane potential (Fig. 4.1E). As expected, CCCP treatment 

resulted in increased levels of wild-type and CHCHD2 variants, as well as CHCHD10; however, 

we unexpectedly identified short forms of CHCHD2 which also increased in the stress condition. 

All these short forms were specific for CHCHD2 as they were absent in knockout cells. The 

nature of these short forms as well as the differences between wild-type and variants and their 

localization have to be validated in future experiments. 

 

CHCHD2 knockout leads to altered mitochondrial morphology 

To investigate the influence of CHCHD2 levels and variants on mitochondrial morphology 

we performed immunofluorescence analysis of the mitochondrial network. CHCHD2 knockout 

fibroblasts showed significantly smaller and less branched mitochondria (Fig. 4.2A, B). In 

addition, the branch length was significantly shorter. These data demonstrate that the 

mitochondrial network is more fragmented in CHCHD2 knockout fibroblasts. The reintroduction 

of CHCHD2 wild-type protein rescued all of these parameters (Fig. 4.2B). The expression of 

pathogenic disease variants p.T61I and p.R.145Q did not lead to any significant changes in 

mitochondrial morphology; however, the changes of the CHCHD2 p.T61I variant resembled the 

knockout more than the control (Fig. 4.2B). To see if the changes in mitochondrial morphology 

were reflected in the levels of the proteins involved in regulating fission or fusion, we next 

examined the integrity of the mitochondrial fission/fusion machinery. siRNA-mediated 

knockdown of CHCHD2 was previously shown to result in decreased levels of long OPA1 

isoforms and increased levels of the short isoform, a phenomenon which correlates with 

mitochondrial fragmentation (Anand et al., 2014, Straub et al., 2018). In our knockout model, we 

also observed an accumulation of the short OPA1 isoform and a decrease of the long forms (Fig. 

4.2C). These changes were rescued by the reintroduction of wild-type CHCHD2 protein. 

Introduction of the pathogenic variant p.T61I did not rescue OPA1 levels, but the degree of 

mitochondrial fragmentation was not substantially different than (Fig. 4.2B, C). The CHCHD2 

p.R145Q variant almost fully restores OPA1 isoforms as seen in control and does not show signs 

of mitochondrial morphological alterations (Fig. 4.2B, C). The levels of MFN2 protein were 

insensitive to loss of CHCHD2 or the expression of either disease variant. These results suggest 

that the fragmentation phenotype is partially supported by an accumulation of short OPA1 
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isoforms; however, how CHCHD2 knockout influences OPA1 cleavage, or if this is a pleiotropic 

effect remains to be established.  

 

CHCHD2 knockout and mutants affect mitochondrial respiratory chain assembly and the 

interaction with CHCHD10 

Previous results from a study of CHCHD2 function suggested the protein to have dual 

localization, activating transcription of itself and complex IV subunit COX4I2 in the nucleus; 

however, this finding has not been confirmed (Aras et al., 2015). Another link to mitochondrial 

respiration was made in a knockout model of CHCHD2 in Drosophila, where decreased 

mitochondrial ATP production and oxygen consumption was reported (Meng et al., 2017). 

Conversely, another recent study reported a normal oxygen consumption rate in CHCHD2 

knockout fibroblasts (Liu et al., 2019). To investigate the assembly of the OXPHOS complexes 

in our model, we performed a Blue-Native polyacrylamide gel analysis (BN-PAGE). CHCHD2 

knockout cells showed significant decreases in the levels of complexes I, and IV, and complex I 

was fully rescued whereas complex IV was partially rescued by expression of the wild-type 

protein (Fig. 4.3A). These results were corroborated by immunoblot analyses of the steady-state 

levels of different subunits of the OXPHOS complexes (Fig. 4.3B). However, further 

experiments have to be conducted to fully quantify the decrease and the rescue. To test whether 

the assembly of respiratory supercomplexes was affected, we extracted the complexes with a 

mild detergent and subjected them to a BN-PAGE. The assembly of the supercomplexes 

correlated with the decrease in monomeric respiratory chain complexes (Fig. S4.1B). The defect 

of complex I and IV was partially rescued by the reintroduction of the wild-type and the 

CHCHD2 p.R145Q variant but not the CHCHD2 p.T61I variant. With this method we could also 

identify the unassembled complex V subunits, and assembly was partially rescued by the 

reintroduction of wild-type CHCHD2 protein but not the two pathogenic disease variants (Fig. 

S4.1B).  

CHCHD2 forms stable complexes with its paralogue CHCHD10 (Fig. 4.3C, control) 

(Straub et al., 2018). These complexes are around ~230 kDa in size and their composition 

changes in patient fibroblasts with the CHCHD10 p.R15L variant (Straub et al., 2018). As these 

complexes could play a role in pathogenesis we investigated their composition in CHCHD2 

knockout cells as well as cells expressing wild-type or the two pathogenic variants. Identical to 
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our previous results, in control cells we observed the majority of CHCHD2 and CHCHD10 as a 

low molecular weight entities (possibly in the monomeric form); and two high molecular weight 

complexes around 170-230 kDa in size (Fig. 4.3C, control) (Straub et al., 2018). The CHCHD2 

knockout cell line showed an increased amount of CHCHD10 in the 230 kDa complex and less 

protein at the lower molecular weight (Fig. 4.3C, KO), which did not result from an increase in 

levels of total protein (Fig. 4.1B). The CHCHD2/CHCHD10 complex formation was fully 

rescued by the reintroduction of the wild-type cDNA (Fig. 4.3C, KO + WT). For the CHCHD2 

p. T61I variant, CHCHD10 formed an additional complex of ~140 kDa and accumulated 

together with CHCHD2 p.T61I at 230 kDa, similar to the CHCHD2 p.T61I variant. Interestingly, 

the CHCHD2 p.T61I variant only accumulated in the higher molecular weight complex at 

~230 kDa (Fig. 4.3C, KO + T61I). The complexes were similar to those in control cells in 

CHCHD2 p.R145Q expressing cells (Fig. 4.3C, KO + R145Q); however, the total amount of 

CHCHD2 was decreased, as seen previously (Fig. 4.1B).  

To determine whether intermolecular disulfide bonds could form between CHCHD2 and 

CHCHD10 in these complexes, we analysed the redox state of the two proteins. The cysteines of 

other proteins of the CX9C family have different redox states at steady-state and this relates to 

their function in the cell. An example of a partially reduced/oxidized protein is Mia40/CHCHD4, 

which is responsible for the import of twin CX9C-containing proteins into the mitochondrial 

IMS. The oxidized form of Mia40 represents the form that mediates oxidative protein folding 

(Erdogan et al., 2018). Other examples are the metal binding chaperones SCO1 and SCO2, 

responsible for the insertion of the prosthetic copper atoms into the active site of cytochrome c 

oxidase. They only bind copper in the reduced state (Leary et al., 2009). And lastly, 

CHCHD3/Mic19 in the reduced state, forms an intermediate with TOMM40 and CHCHD4 

(Ueda et al., 2019). Immunoblot analysis of isolated mitochondria from control fibroblasts on a 

non-reducing SDS-PAGE showed that both CHCHD10 and CHCHD2 are completely oxidized 

under normal physiological conditions in contrast to CHCHD3, CHCHD4 and SCO1 (Fig. 4.3D). 

The oxidation state did not change under nutrient stress (glucose-free galactose-containing 

medium), although as shown previously, the levels of CHCHD2 and CHCHD10 increased 

(Straub et al., 2018). We conclude that the four cysteines present in CHCHD2 or CHCHD10 

serve an entirely structural purpose, and are not likely involved in metal or substrate-binding, or 

in forming intermolecular disulfide bonds. The bands observed for CHCHD2 and CHCHD10 at 
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~25 kDa are visible only at high temperature and with reducing agent dithiothreitol (DTT), hence 

the disulfide bonds of CHCHD2 and CHCHD10 are of structural nature and stable in 

physiological conditions (Fig. 4.3D). 

 

CHCHD2 interacts with proteins of the RNA metabolism 

We previously identified CHCHD10 and C1QBP as interacting partners of CHCHD2 

(Straub et al., 2018). Several recent studies have conducted immunoprecipitation, affinity 

purification or proximity biotinylation assays to investigate the interactome of CHCHD2, 

C1QBP and CHCHD10 (Wei et al., 2015, Zhang et al., 2013). These proteins have also been 

identified as preys in multiple large-scale human interactome studies, most of which are gathered 

in BioGRID, a large interaction repository (Floyd et al., 2016, Hein et al., 2015, Huttlin et al., 

2015). We compiled all of these studies and added our results from the C1QBP-BirA*-FLAG 

proximity biotinylation assay, as well as a C1QBP-HA immunoprecipitation (unpublished). We 

identified several new interaction partners of the already known interactome of CHCHD2, 

CHCHD10 and C1QBP (Fig. 4.4A): Aly/REF export factor (ALYREF), Y-box binding protein 1 

(YBX1) and chromatin target of PRMT1 (CHTOP) are all proteins involved in mRNA 

processing as well as mRNA export from the nucleus to the cytosol. The lamin B receptor 

(LBR), which is a nuclear inner membrane protein has been shown to interact with DNA (Ye & 

Worman, 1994). 

To confirm and investigate whether these, or other interaction partners of CHCHD2, 

change in the presence of the pathogenic variant proteins, we immunoprecipitated CHCHD2 

from digitonized mitochondrial extracts and analysed the co-immunoprecipitated proteins by 

liquid chromatography-tandem mass spectrometry (LC-MS/MS). This analysis confirmed the 

interaction with C1QBP and CHCHD10, the previously identified partners of CHCHD2 (Fig. 

4.4B) and validated the interactions of wild-type CHCHD2 with the RNA binding proteins 

ALYREF and CHTOP, as well as with LBR. Significantly, while the p.T61I and p.R145Q 

variants co-immunoprecipitated with both CHCHD10 and C1QBP, the interaction with 

ALYREF and LBR was decreased or lost completely, suggesting that these interactions might 

play a role in the pathogenicity of these variants.  
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CHCHD2 knockout and variants affect levels of RNA binding proteins 

To investigate the impact of CHCHD2 knockout and disease mutations on cellular and 

mitochondrial biology, changes in the transcriptome and proteome were determined by RNA 

sequencing and tandem mass tag spectrometry (TMT). The overall number of significant 

differentially expressed transcripts and proteins was larger for the wild-type expression than the 

two pathogenic variants (compare Fig. 4.5A with C, E, and B with D, F), indicating the similarity 

between the knockout and cells harbouring pathogenic variants. The expression of wild-type 

CHCHD2 particularly increased transcripts and proteins involved in RNA binding (Fig. 4.5A, 

B). The reintroduction of the CHCHD2 variant p.T61I resulted in differentially expressed 

proteins involved in RNA binding, nuclease activity and DNA helicase activity (Fig. 4.5C, D). 

Interestingly, for this variant we found differential expression of transcripts involved in sodium 

voltage channel activity, a process crucial in neurons, the cell-type affected in PD (Fig. 4.5C). 

Differentially expressed proteins for the R145Q variant are involved in RNA binding, DNA 

helicase activity and aldehyde dehydrogenase activity (Fig. 4.5E, F).  

To obtain further information about the importance of RNA binding proteins and their 

interaction with CHCHD2 and its variants, we took the hits from Figure 4.4B and cross-checked 

their regulation at the transcript and/or protein level. We identified increased expression of 

transcripts and protein of two metalloproteases, MMP1 and MMP3 only when KO cells were 

rescued with wild-type CHCHD2, but not the pathogenic variants (Fig. 4.5). The CHCHD2 

p.R145Q variant even showed reduced protein levels of MMP1 (Fig. 4.5F). Our 

immunoprecipitation experiment identified these two metalloproteases as interactors of wild-type 

CHCHD2 but not of the two pathogenic variants (Fig. 4.4B). Interestingly, ALYREF protein 

levels were lower in cells in which wild-type CHCHD2 was reintroduced (Fig. 4.5B, S4.1C) and 

higher in cells with the CHCHD2 p.R145Q variant (Fig. 4.5F, S4.1C). The interaction with 

ALYREF however, is strongest for the wild-type CHCHD2 protein (Fig. 4.4B). Another example 

is the alanyl aminopeptidase (ANPEP), which was only upregulated at the protein level for the 

CHCHD2 variants (Fig. 4.5D, F). The variants, but not the wild-type CHCHD2 protein, interact 

with ANPEP (Fig. 4.4B). Lastly, the microtubule-dependent motor required for the distribution 

of mitochondria and lysosomes, kinesin family member 5B (KIF5B) is decreased in cells in 

which the wild-type CHCHD2 was reintroduced (Fig. 4.5B); however, it interacts with the 

CHCHD2 p.R145Q variant and not the wild-type (Fig. 4.4B).  
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We therefore identified altered gene and protein regulation for several interaction partners 

of CHCHD2 wild-type protein and the pathogenic variants. Most markedly affected are the 

metalloproteases MMP1 and MMP3, and further research has to be conducted to identify the 

significance of the interaction with CHCHD2.  
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Discussion 
In this study, we investigated the role of CHCHD2 and the pathogenic mechanisms of two 

variants associated with PD in human fibroblasts. The loss of CHCHD2 altered mitochondrial 

morphology, and was associated with reduced levels of OXPHOS complexes I, and IV and an 

assembly defect of complex V. The two pathogenic variants p.T61I and p.R145Q did not 

significantly alter mitochondrial morphology, but showed a reduction in mitochondrial complex 

IV and a complex V defect similar to the knockout cells. Moreover, without CHCHD2, 

CHCHD10 formed different sized high molecular weight complexes and the p.T61I variant lead 

to an accumulation of CHCHD10 and CHCHD2 p.T61I at a high molecular weight. The analysis 

of differentially expressed transcripts and proteins and immunoprecipitation of CHCHD2 

revealed an interaction of CHCHD2 with RNA-binding proteins. We therefore propose a new 

interactome of CHCHD2, which suggests that CHCHD2 is involved in cellular and 

mitochondrial RNA metabolism affecting mitochondrial biogenesis and morphology. 

Changes in mitochondrial morphology have been identified for other genetic causes of PD, 

involving PINK1, parkin, DJ-1, and alpha-synuclein (Bueler, 2009, Morais et al., 2014, Pozo 

Devoto & Falzone, 2017, Walter et al., 2019, Winklhofer & Haass, 2010). Mitochondrial 

fragmentation has been reported in models of sporadic PD, driven by OPA1 cleavage in some of 

these (Santos et al., 2015). The mitochondrial network for homozygous CHCHD2 variant 

p.A71P has also been described as fragmented with the accumulation of granular bodies in 

patient cells (Lee et al., 2018). Very recently, a study claimed the involvement of CHCHD2 in 

the regulation of mitochondrial morphology through the interaction with C1QBP, which itself 

interacts with YME1L, a protease involved in OPA1 processing (Liu et al., 2020). Interestingly, 

we found an interaction of CHCHD2 with YME1L, which was increased with the CHCHD2 

p.T61I variant (Fig. 4.4B). The complete loss of CHCHD2 lead to a more compact and branched 

mitochondrial network, which correlated with the increased expression of short OPA1 forms and 

decreased expression of long OPA1 forms (Fig. 4.2). Interestingly, a recent study reported no 

change in OPA1 distribution for the CHCHD2 knockout but found a decrease in long and an 

increase in short OPA1 forms for the double knockout of CHCHD2 and its paralogue CHCHD10 

(Liu et al., 2019). In our model the disease variant p.T61I showed a phenotype similar to the 

knockout; however, the changes were not significant. Whether, indeed CHCHD2 directly affects 
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OPA1 function through the interaction with C1QBP or YME1L, and if the pathogenic variants 

alter these interactions, needs further experimental validation. 

Apart from morphological changes, defects in mitochondrial respiration have also been 

associated with PD (Shoffner et al., 1991), and the first siRNA mediated knockdown of 

CHCHD2 revealed a destabilization of OXPHOS complexes (Baughman et al., 2009). 

Furthermore, the loss of CHCHD2 in Drosophila caused mitochondrial respiratory defects and 

lower ATP production, which were rescued by the wild-type CHCHD2 protein, but not the two 

pathogenic variants p.T61I and p.R145Q (Meng et al., 2017). In our model, CHCHD2 knockout 

cells showed a marked decrease in complex I and IV and partially unassembled complex V. 

Similar to the study in Drosophila the phenotype could be partially rescued with wild-type 

protein but not the two pathogenic disease variants.  

The variants of CHCHD2 and CHCHD10 which are present in the hydrophobic stretch of 

the proteins (amino acids 55-68), have been described as having a more detrimental, dominant- 

gain of function mechanism compared to other variants through the formation of aggregates due 

to increased hydrophobicity (Anderson et al., 2019a, Huang et al., 2018). The CHCHD2 p.T61I 

variant, as well as CHCHD10 p.S59L and p.G66V variants render the protein more hydrophobic 

(Huang et al., 2018). We confirmed that the CHCHD2 p.T61I variant shows indeed a stronger 

association with the membrane when compared to wild-type CHCHD2 or p.R145Q (Fig. 4.1D). 

We also find that the presence of CHCHD2 p.T61I protein changes the complex formation 

between CHCHD2 and CHCHD10 and leads to an accumulation of CHCHD10 in different 

molecular weight complexes that are not present in control cells (Fig. 4.3C). A previous study 

showed that the CHCHD2 p.T61I variant interacts more with CHCHD10 and leads to decreased 

CHCHD10 levels in patient cells (Mao et al., 2019). In our study, the presence of the two 

pathogenic CHCHD2 variants did not lead to a decrease in the levels of CHCHD10 (Fig. 4.1B), 

despite the fact that the CHCHD2 protein levels of the two pathogenic variants were significantly 

decreased. It is possible that these variants are recognized as detrimental in the mitochondria and 

degraded by one of the mitochondrial proteases, as we observed an increased interaction between 

CHCHD2 p.T61I and YME1L1, and CHCHD2 p.R145Q and LONP1, respectively (Fig. 4.4B). 

We did however, identify a downregulation of CHCHD10 transcript and protein levels after 

reintroduction of CHCHD2 wild-type protein (Fig. 4.1B, C). The reduction could possibly stem 

from higher CHCHD2 protein levels compared to control, which affect CHCHD10 transcription.  



 153 

CHCHD2 is a predominantly mitochondrial protein, which in stress condition (4% 

hypoxia) has been reported to localize to the nucleus and enhance transcription of COX4I2 and 

itself, and genes harbouring the oxygen-responsive element (ORE) in their promoters (Grossman 

et al., 2017). Interestingly, the known interacting partner of CHCHD2, CHCHD10, was also 

reported to localize to the nucleus under 8% hypoxic condition and downregulate genes with an 

ORE, therefore fine-tuning oxygen-sensing in the cell (Purandare et al., 2018). How CHCHD2 or 

CHCHD10 could translocate or act as transcriptional regulators remains unknown. Another 

study, reporting CHCHD2 outside of mitochondria, describes its anti-apoptotic role through the 

interaction with Bcl-xL at the outer mitochondrial membrane (Liu et al., 2015). 

Immunofluorescence analysis of control cells, as well as CHCHD2 expressing cell lines showed 

a clear and exclusive localization of CHCHD2 in mitochondria. However, we cannot exclude the 

possibility, that a small amount of CHCHD2 protein localizes to a different cellular 

compartment, or that it is capable of shuttling between mitochondria and cytosol. The 

appearance of a short form of CHCHD2, particularly in the presence of the uncoupler CCCP, 

gives rise to speculation that shorter forms of CHCHD2 could possibly shuttle across the outer 

mitochondrial membrane and act as a stress signal. The association between CHCHD2 (and also 

its partner CHCHD10) and cellular stress has been established previously, and the levels of both 

proteins increase in stress conditions including dissipation of mitochondrial membrane potential, 

nutrient stress (glucose-free medium), mitochondrial genomic stress or the mitochondrial 

unfolded protein response (Huang et al., 2018, Meng et al., 2017, Straub et al., 2018). Further 

studies are needed to decipher where these short forms localize, what proteases are involved in 

the processing of CHCHD2, and which part of the CHCHD2 protein they comprise. 

CHCHD2 and CHCHD2 have previously been described to interact with each other as well 

as C1QBP/p32 (Burstein et al., 2018, Straub et al., 2018, Wei et al., 2015). C1QBP is a 

predominantly mitochondrial protein, where it localizes to the matrix and is involved in 

translation (Muta et al., 1997, Yagi et al., 2012). With a milder extraction method, we have now 

identified additional interacting partners, suggesting that CHCHD2 also interacts with proteins 

involved in RNA processing and cytoplasmic translation (Fig. 4.4B). In particular, the proteins 

ALYREF, LBR, DDX6, CHTOP, FUBP3 and FARSA were identified in immunoprecipitation 

experiments with wild-type CHCHD2, but not with the two pathogenic variants we studied. A 

comparison of our data with the literature led to the identification of an interactome of CHCHD2, 
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CHCHD10, C1QBP with proteins involved in RNA metabolism, ALYREF, YBX1 and CHTOP 

(Fig. 4.4A). Of these, ALYREF is an export adapter of the THO transcription elongation 

complex (TREX) complex which is responsible for nuclear mRNA export (Katahira, 2012). 

ALYREF has been reported to bind the 5’ end of mRNA and together with CHTOP to activate 

ATPases and RNA helicases to recruit ALYREF and CHTOP to mRNA for export (Chang et al., 

2013, Shi et al., 2017). Our study showed that the interaction between CHCHD2 and ALYREF 

was lost when CHCHD2 was mutated. Interestingly, another identified interactor of CHCHD2, 

YBX1 has been reported to interact with mitochondrial tRNAs outside of mitochondria (Jady et 

al., 2018). For several other newly identified interaction partners transcript and protein levels 

changed upon CHCHD2 wild-type and variant expression. Among these are MMP1, MMP3, 

ANPEP and KIF5B. Whether increased protein expression was responsible for the interaction or 

if endogenous CHCHD2 protein also interacts with these proteins remains to be validated in 

future experiments. Only then we can discuss a potential significance of these interactions. 

The newly discovered interactors open a novel path for research into the function of 

CHCHD2. Previous studies have established a strong link between RNA interacting proteins like 

TDP43, FUS and DJ-1 in ALS and Parkinson’s disease (Lu et al., 2014). Variants in these 

proteins cause dysregulation of RNA metabolism, cytoplasmic aggregation and dysfunction in 

stress granules (Zhao et al., 2018). The role that CHCHD2 might play in one of these processes 

is fertile ground for future research.   
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Materials and Methods 
Human studies 

The analysis of cell lines was approved by the institutional review board of the Montreal 

Neurological Institute, McGill University. 

Cell lines and media 

Fibroblasts stably expressing CHCHD2 in CRISPR-Cas9 knockout cells were engineered using 

retroviral vectors as described previously (Lochmuller et al., 1999, Straub et al., 2018). Cells 

were cultivated in 4.5 g/l glucose DMEM supplemented with 10% fetal bovine serum (FBS) and 

5% pen/strep, at 37 °C in an atmosphere of 5% CO2. For carbon source-dependent experiments, 

fibroblasts were cultivated for two days in DMEM with 10% dialyzed FBS supplemented with 

4.5 g/l galactose.  

Generation of CRISPR-Cas9 CHCHD2 knockout cell line 

The sgRNA oligomers for CHCHD2 targeting exon 1 and exon 3 were annealed and inserted 

into plasmid pSpCas9(BB)-2A-Puro (PX459) V2.0 from Addgene (62988) via combined ligation 

(T7 ligase NEB) and restriction enzyme (BpiI, NEB) reaction. 

 

Sequence for sgRNA targeting exon 1 of CHCHD2: 

5′-caccCCCGCATGGCCCCTCCGGCC-3′ 

3′-GGGCGTACCGGGGAGGCCGGcaaa-5′ 

 

Sequence for sgRNA targeting exon 3 of CHCHD2: 

5′-caccCTGTTTGATCTCATAGAGGCA-3′ 

3′-GACAAACTAGAGTATCTCCGTcaaa-5′ 

 

The two plasmids (1.5 µg) were transfected into a control fibroblasts cell line with the jetPRIME 

reagent. Twenty-four hours after transfection, puromycin was added for 48 hours at a 

concentration of 5 µg/mL. Cells were than expanded and single clones were selected and 

analysed by immunoblot and sequencing for positive CHCHD10 knockout cell lines. 
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Mitochondrial isolation 

Fibroblasts were washed twice with phosphate buffered saline (PBS), resuspended in ice-cold 

buffer (250 mM sucrose,10 mM Tris–HCl, pH 7.4), and homogenized by nitrogen cavitation 

under 500 psi pressure for 5 min. A post-nuclear supernatant was obtained by centrifugation of 

the samples twice for 10 min at 600 ´ g. Mitochondria were pelleted by centrifugation for 10 min 

at 10 000 ´ g and washed once in the same buffer. Protein concentration was determined using 

the Bradford assay. 

Antibodies 

Antibodies directed against the following proteins were used in this study: CHCHD10 (Sigma, 

HPA003440), CHCHD2 (Sigma, HPA027407), CHCHD2 Nter, SDHA (Abcam, ab14715), 

ATP5A1 (Abcam, ab14748), NDUFA9 (Abcam, ab14713), COXI (Abcam, ab14705) and COXII 

(Abcam, ab110258), COXIV (Abcam, ab110261), IMMT/MIC60 (Proteintech, 10179-1-AP), 

CHCHD3/MIC19 (Proteintech, 25625-1-AP), GRSF1 (Sigma, HPA036984), OPA1 (BD 

BioSciences, 612606), MFN2 (Cell Signaling, 11925S), porin/VDAC (Calbiochem, 529534), 

ATP6 (Proteintech, 55313-1-AP), NDUFA10 (Santa Cruz, sc-376357), SCO1 (made in house), 

CHCHD4 (Proteintech, 21090-1-AP).  

SDS-PAGE and immunoblot analysis 

Cells were pelleted and lysed with 1.5% n-dodecyl-D-maltoside (DDM) in PBS with cOmpleteä 

protease inhibitor (Roche) for 15 min on ice. Cells were centrifuged at 20,000 ´ g for 20 min at 

4 °C. Protein concentration was determined using Bradford assay. 2x Laemmli buffer was added 

to 20-30 µg of protein and denatured at 55 °C for 15 min. The mixture was run on denaturing 

8 % to 12.5 % polyacrylamide gels. Separated proteins were transferred onto a nitrocellulose 

membrane and immunoblot analysis was performed with the indicated antibodies in 5% milk in 

tris-buffered saline and Tween 20 (TBST).  
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Non-reducing denaturing SDS-PAGE 

50 µg isolated mitochondria were resuspended in 50 µL buffer (250 mM sucrose,10 mM Tris–

HCl, pH 7.4) with 50 mM dithiothreitol (DTT) and set up at different temperatures for 15 

minutes. The suspension was centrifuged at 10,000 ´ g for 8 min. The pellet was resuspended in 

1X Laemmli buffer with 15mM 4-Acetamido-4’-Maleimidylstilbene-2,2’-Disulfonic Acid, 

Disodium salt (AMS, Sigma A485) and left for one hour at room temperature before loading on 

a 15 % SDS-PAGE gel.  

Blue native (BN) PAGE and 2D-PAGE analysis 

BN-PAGE was used to separate individual OXPHOS complexes. Isolated mitochondria were 

solubilized with 1% DDM (for standard OXPHOS extraction) or 4mg/mg protein digitonin (for 

supercomplexes), and 20 µg of solubilized samples were run in the first dimension on 6–15% or 

8–15% polyacrylamide gradient gels as previously described (Straub et al., 2018). Two-

dimensional (2D)-BN-PAGE/SDS-PAGE was carried out as detailed previously (Straub et al., 

2018). The separated proteins were transferred to a nitrocellulose membrane and immunoblot 

analysis was performed with the indicated antibodies. 

Immunofluorescence analysis 

Immunofluorescence analyses were performed by fixing cells grown on glass coverslips with 4% 

formaldehyde in PBS at room temperature for 20 min, permeabilization in 0.1% Triton X-100 in 

PBS, blocking with 5% bovine serum albumin (BSA) in PBS, followed by incubation with 

primary antibodies in 5% BSA in PBS, for 1 h at RT. The appropriate anti-species secondary 

antibodies coupled to Alexa fluorochromes (Invitrogen) (1:1000) were further used for 30 min at 

RT. Coverslips were mounted onto slides using fluorescence mounting medium (Dako). 

Stained cells were imaged using a 100× objective lenses (NA1.4) on an Olympus IX81 inverted 

microscope with appropriate lasers using an Andor/Yokogawa spinning disk system (CSU-X), 

with a sCMOS camera. For each condition, 31 cells were analysed. Error bars represent 

mean ± SD and P-values were calculated using an unpaired t-test. 
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For the analysis of mitochondrial morphology, all images were analysed in FIJI using a custom 

made macro (Schindelin et al., 2012). In short, after background subtraction using the Rolling 

Ball algorithm, a white top hat 3D filter was applied to the z-stacks 

(https://github.com/ijpb/MorphoLibJ, (Legland et al., 2016)). Next, a 2D rendering was created 

using a standard deviation projection of the z-stacks. After further filtering using a Bandpass 

filter and background subtraction, the contrast was enhanced using the “Enhance local contrast 

(CLAHE)” algorithm (https://imagej.net/Enhance_Local_Contrast_(CLAHE). The mitochondria 

were segmented using an Adaptive Threshold 

(https://sites.google.com/site/qingzongtseng/adaptivethreshold), and further processed using the 

built-in “Despeckle” and “Close” functions in FIJI. Finally, the mitochondrial morphology and 

network were analysed using the “Analyze Particles” and the “Skeletonize” functions. 

Immunoprecipitation 

Mitochondria (200 µg) isolated from fibroblasts were pelleted, rinsed once with PBS, and 

extracted in 200 µL of lysis buffer (10 mM Tris–HCl pH 7.5, 150 mM NaCl, 4mg digitonin/mg 

protein final concentration, and complete protease inhibitors (Roche)) on ice for 30 min. The 

extract was centrifuged at 20,000 g at 4°C for 20 min, and the supernatant was pre-cleared 

overnight with non-coated Dynabeads Protein A (Invitrogen) to reduce non-specific protein 

binding to the beads. Binding of indicated antibodies to Dynabeads Protein A (Invitrogen) was 

performed overnight. Antibodies were then cross-linked to the beads using 20 mM dimethyl 

pimelimidate (DMP) (Sigma). The immunoprecipitation reaction was performed overnight at 

4°C. Samples were eluted using 0.1 M glycine pH 2.5/0.5% DDM, trichloroacetic acid 

precipitated, and analysed by mass spectrometry on an Orbitrap (Thermo Scientific) at the 

Institute de Recherches Cliniques (IRCM) de Montreal. The false discovery rate is < 5% with a 

Mascot score of 50. 

RNA extraction and RNA sequencing 

Total RNA from fibroblasts was extracted and purified by using RNeasy Mini kit (QIAGEN). 

RNA quality was tested on a 1% agarose gel and then RNA sequencing was performed by 

GENEWIZ on an Illumina HiSeq instrument. 
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Transcriptomic analysis 

Transcriptomic analysis was performed by GENEWIZ. Briefly, the original read counts were 

normalized to adjust for various factors such as variations of sequencing yield between samples. 

These normalized read counts were used to accurately determine differentially expressed genes. 

Data quality assessments were performed to detect any samples that are not representative of 

their group, and thus, may affect the quality of the analysis. Using DESeq2, a comparison of 

gene expression between groups of samples was performed. The Wald test was used to generate 

p-values and log2 fold changes. Genes with an adjusted p-value < 0.05 and absolute log2 fold 

change > 1 were considered as differentially expressed genes. RNA sequencing data will be 

deposited to NCBI Gene Expression Omnibus (GEO). 

Gene ontology analysis 

Gene ontology (GO) analysis of significant differentially expressed transcripts was performed 

using the annotation tool ENRICHR (https://amp.pharm.mssm.edu/Enrichr/, GO_MF 2019), 

focusing on the GO term of biological processes (Chen et al., 2013, Kuleshov et al., 2016). As an 

input, gene symbols of genes passing the cut off of log2 fold change of ≷ ± 0.3 were used. A 

maximum p-value of 0.05 was chosen to select only significant enrichment. 

Proteome extraction and analysis 

Fibroblasts were grown to 90% confluency in 15 cm dishes (minimum of 2 ´ 106 cells per 

condition). Cells were rinsed 2-3 times with 1x PBS to remove cell culture media and pelleted at 

600 ´ g. Cells were lysed with lysis buffer (50 mM HEPES, 1% SDS, 150 mM NaCl). The lysate 

was centrifuged at 16,000 ´ g for 10 minutes at 4 °C. Protein concentration was determined in 

the supernatant by BCA Protein Assay Kit (Thermo Fisher Scientific, #23227). 100 µg of protein 

was transferred into a new tube and the final volume was adjusted to 100 µL with 100 mM 

triethylammonium bicarbonate (TEAB). 5 µL of 200 mM tris(2-carboxyethyl)phosphine) 

(TCEP) was added and samples were incubated at 55 °C for 1 hour. 5 µL of 375 mM 

iodoacetamide was added to the mix and let stand for 30 minutes protected from light at room 

temperature. 600 µL of pre-chilled acetone (-20 °C) was added and the mix was put at -20 °C 
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over-night to precipitate. Samples were centrifuged at 8000 ´ g for 10 minutes at 4 °C. The tubes 

were carefully inverted to decant the acetone and dried for 30 min at room temperature. Samples 

were digested, labelled and analysed by mass spectrometry on an Orbitrap (Thermo Scientific) at 

the Institute de Recherches Cliniques de Montreal (IRCM). The isobaric labelling of the peptides 

was performed using 10-plex TMT reagents (Thermo Fisher Scientific).  

Differentially expressed proteins were identified by performing Welch’s t-statistic test, 

comparing patient cells with rescue cells in glucose and galactose. Values were normalized by 

subtraction of the mean from the log2 values of the comparison ratios. The mass spectrometry 

proteomics data sets will be deposited to ProteomeXchange Consortium. 

Bioinformatic and statistical analysis 

Pathways, transcripts and proteins selected in each condition were filtered after Benjamini-

Hochberg correction at an adjusted p-value < 0.05 (FDR 5%). All data analysis and plots were 

generated using R and RStudio and modified using Adobe Illustrator CC. For the rest of the 

analysis, data were expressed as mean ± SEM, and p-values were calculated using two-tailed 

Welch’s t-test for pairwise comparisons of metabolites and proteins and the Wald test for 

transcripts. Statistical tests were performed using RStudio and GraphPad Prism 6.0 (*, P < 0.05; 

**, P < 0.01; ***, P < 0.001; n≥ 3).  
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Figures 
 

 
 

Figure 4.1 Characterization of the CHCHD2 knock out cell and cells expressing wild-type 

CHCHD2 or the pathogenic CHCHD2 variants p.T61I and p.R145Q. 

(A) Schematic representation of the experimental set up. Control fibroblasts (Control) were 

used to generate a CRISPR-Cas9 mediated knockout of CHCHD2 (KO). Subsequently, 

expression from a retroviral vector was used to reintroduce wild-type CHCHD2 (KO+WT) or 

one of the two pathogenic disease variants p.T61I (KO+T61I) or p.R145Q (KO+R145Q).  

(B) Immunoblot analysis of protein levels of CHCHD2 and CHCHD10. Whole cell extracts 

were separated by SDS-PAGE and probed with antibodies against the indicated proteins. SDHA 

was used as a loading control. Bar plot indicates the quantification of the western blot analysis. 

(C) mRNA levels of CHCHD2 and CHCHD10 in respective cell lines determined by RNAseq 

analysis in triplicates. An unpaired student’s t-test, was used to test for significance *p<0.05, 

**p<0.01, ***p<0.001.  
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(D) Western blot analysis of alkaline carbonate extraction of mitochondria from control, 

knockout and rescued cell lines. TOMM70 (membrane protein with one transmembrane domain) 

and GRSF1 (soluble matrix protein) were used as controls. Bar plot indicates the quantification 

of the amount of CHCHD2 in the pellet in percent. T=total, S=soluble, P=pellet. 

(E) Western blot analysis of proteins levels of CHCHD2 and CHCHD10 in CCCP treated cell 

lines. Whole cell extracts separated by SDS-PAGE and probed with antibodies against indicated 

proteins. Asterisks indicates leftover CHCHD10 staining from previous revelation. Lines on the 

right-hand side indicate positions of CHCHD2 short forms. 
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Figure 4.2 CHCHD2 knockout leads to altered mitochondrial morphology. 

(A) Mitochondrial morphology of control and knockout fibroblasts. Immunofluorescence 

analysis of control and CHCHD2 knockout fibroblasts. Endogenous CHCHD2 staining is shown 

in green, the mitochondrial marker cytochrome c is shown in red. Scale bar: 10 µm.  

(B) Violin Plot representing the distribution of different parameters of mitochondrial 

morphology. The analysis was conducted with an Image J macros as described in Materials and 

Methods. Box plots indicate the median and the first and third quartile. Significance was tested 

using an unpaired student’s t-test, *p<0.05, **p<0.01, ***p<0.001.  

(C) Immunoblot analysis of protein components of the mitochondrial fission and fusion 

machinery and cristae organization. Whole cell extracts were separated by SDS-PAGE and 

probed with antibodies against the indicated proteins. SDHA and porin (VDAC) were used as 

loading controls. Bar plot indicates the quantification of the immunoblot analysis and the colour 

code is indicated in the legend.  
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Figure 4.3 CHCHD2 knockout and mutants affect mitochondrial respiratory chain assembly and 

the interaction with CHCHD10. 

(A) BN-PAGE analysis of knockout, disease variants and control fibroblasts. The assembly of 

individual OXPHOS complexes is revealed by subunit-specific antibodies. Quantification from 

three independent experiments normalized to Complex III, data represent mean ± SEM. P-values 

were calculated using a two-tailed, unpaired t-test *p < 0.05. 

(B) Inmmunoblot analysis of components of the OXPHOS complexes. Whole cell extracts 

were separated by SDS-PAGE and probed with antibodies against subunits of OXPHOS 

complexes. SDHA was used as a loading control. Quantification from three independent 
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experiments, data represent mean ± SEM. P-values were calculated using a two-tailed, unpaired 

t-test *p < 0.05. 

(C) Two-dimensional BN-PAGE/SDS-PAGE electrophoresis analysis of mitochondria from 

generated cell lines. The positions and molecular weight of identified CHCHD2/CHCHD10 

containing complexes are indicated in kDa. Mitofilin (IMMT) was used for size reference. 

(D) Non-reducing SDS-PAGE analysis of the cysteine bonds formed by CX9C motif- 

containing proteins in glucose and galactose media. Isolated mitochondria from control 

fibroblasts as well as control fibroblasts grown in galactose were treated at different temperatures 

with the reducing agent DTT and alkylating reagent, AMS. Antibodies against the indicated 

proteins where used to determine their redox state in different conditions (reduced/oxidized: 

red/ox). * asterisks indicate higher molecular weight intermolecular disulfide bonds between 

potentially two different proteins. For CHCHD3: at 70 kDa it is an interaction between 

CHCHD3 and CHCHD4.  
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Figure 4.4 CHCHD2 interacts with proteins of the RNA metabolism. 

(A) Interactome of CHCHD2, CHCHD10 and C1QBP with proteins handling cellular mRNA. 

The interactome was created with datasets from BioGRID as well as data from previously 

published studies (Floyd et al., 2016, Hein et al., 2015, Huttlin et al., 2015, Wei et al., 2015, 

Zhang et al., 2013). Red nodes represent known mitochondrial proteins, according to 

Mitocarta2.0 (Calvo et al., 2016). Blue nodes represent proteins of non- mitochondrial 

localization and predominantly nuclear localization. The size of the node represents how many 

times the protein was interacting in one of the assays with another protein. The thickness of the 

edges is determined by the number of interactions detected (1-4). The arrowheads point in the 

direction of the detected interaction (from bait to prey). 

(B) Co-immunoprecipitation experiment of CHCHD2 in cells expressing CHCHD2 wild-type 

and two pathogenic variants. Total spectral counts are shown for antibody-specific interactions, 

versus knockout (number in parentheses).  
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Figure 4.5 CHCHD2 knockout and variants affect levels of RNA binding proteins. 

(A-F) Volcano plots showing differentially expressed transcripts (A, C, E) and proteins (B, D, 

F) in CHCHD2 knockout cells versus those rescued with wild-type CHCHD2 (A, B) or the 

pathogenic variants p.T61I (C, D) and p.R145Q (E, F) variant. Changes are depicted as log2 fold 

change of the respective ratio. x-axis values represent the log2 fold change (log2FC) and y-axis 
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values represent the -log10 of the adjusted p-value (false discovery rate, FDR<0.05). Deep red 

dots represent hits passing the two thresholds set for the experiment (transcriptome: log2FC<±1, 

FDR<0.05: proteome: log2FC<±0.3, FDR<0.05). Light red dots are significant but do not pass 

the log2FC threshold. Light blue dots represent values below the two thresholds. Labels for 

transcripts and proteins were used for hits from the immunoprecipitation experiment passing 

both thresholds (Fig. 4B). Insets represent the most enriched molecular functions after 

enrichment analysis of differentially expressed transcript or proteins using the GO term for 

molecular function (GOMF).  
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Figure S4.1 Supplementary data. 
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(A) Scheme of CHCHD2 with hydrophobicity plot and scores according to Kyte & Doolittle 

(Kyte & Doolittle, 1982). Wild-type CHCHD2 protein is shown in yellow, CHCHD2 p.T61I 

with a dotted red line, and CHCHD2 p.R145Q with a dotted green line.  

(B) BN-PAGE electrophoresis showing OXPHOS supercomplexes. The assembly of individual 

OXPHOS complexes is revealed by subunit-specific antibodies and the type of supercomplexes 

are indicated.  

(C) Protein levels of ALYREF determined by TMT-labelled LC/MS in respective cell lines in 

triplicates. An unpaired student’s t-test, was used to test for significance *p<0.05, **p<0.01, 

***p<0.001.  
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5. General Discussion 
13.  

CHCHD2 and CHCHD10 code for two paralogous, predominately mitochondrial proteins 

that have been implicated in neurodegenerative disease (Imai et al., 2019b, Kim et al., 2018). 

Despite a shared sequence identity of 55 % (amino acids), the association with disease is 

distinctly different: CHCHD2 is predominantly associated with Parkinson’s Disease, and 

CHCHD10 with ALS/FTD (Imai et al., 2019b). This thesis addressed the influence of 

CHCHD10 and CHCHD2 on mitochondrial function. We identified a complex between 

CHCHD10 and CHCHD2 in control cells, that is not formed in CHCHD10 p.R15L patient cells, 

which exhibit a respiratory chain defect. Although CHCHD10 has a role in mitochondrial 

complex I function, as demonstrated by a reduction in the levels of the fully assembled complex 

in patient cells and the decrease in oxygen consumption by the respiratory chain, its precise 

molecular remains unknown. Moreover, patient cells are less likely to survive during nutrient 

stress and respond by activating the universal integrated stress response, and concomitantly the 

release of two mitochondrial disease markers GDF15 and FGF21. 

Loss of CHCHD2, as well as the presence of CHCHD2 pathogenic variants also influence 

the CHCHD10/CHCHD2 complex formation. In particular the more hydrophobic variant 

CHCHD2 p.T61I alters the complex and more CHCHD2 protein accumulated in the high 

molecular weight complex. We discovered that the CHCHD2 knockout affected the integrity of 

the oxidative phosphorylation complexes, specifically by affecting complex I, IV and V. The 

reintroduction of the wild-type CHCHD2 could rescue the complex I defect and partially rescue 

the complex IV defect as well as the disassembly of complex V. Furthermore, we established the 

existence of short forms of CHCHD2. Lastly, we identified a new interactome of CHCHD10 and 

CHCHD2 with proteins involved in RNA metabolism outside of mitochondria. In the next few 

paragraphs the contribution of this thesis is highlighted and brought into context with the 

literature. 

 

5.1 Localization of CHCHD10 and CHCHD2 

We started our investigation by exploring the localization of CHCHD10 and CHCHD2 as 

well as their pathogenic variants. Two earlier studies identified the yeast homologue of 
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CHCHD10 and CHCHD2, Mic17 (YMR002W) as a mitochondrial as well as a cytoplasmic and 

nuclear protein (Gabriel et al., 2007, Huh et al., 2003). CHCHD10 and CHCHD2 are classical 

twin CX9C-motif proteins with a putative MTS, and are therefore predicted to predominantly 

localize to mitochondria. Many proteins in the IMS are imported through the translocases of the 

inner and outer membrane with a characteristic N-terminal MTS sequence, others are targeted by 

the twin CX3C or CX9C motif (Longen et al., 2009) (Fig. 5.1). It has been shown that the CHCH-

motif of CHCHD10, and not the MTS, is crucial for mitochondrial localization, and this is likely 

also the case for CHCHD2 (Lehmer et al., 2018). SDS-PAGE analysis demonstrated that 

CHCHD10 and CHCHD2 run at their predicted molecular masses, suggesting that the putative 

MTS is not processed under normal physiological conditions. However, we identified several 

short forms of CHCHD2, which could be the result of the processing of CHCHD2 by an inner 

membrane or intermembrane space protease (Fig. 5.1).  

 

 
Figure 5.1 Potential import pathways of CHCHD10 and CHCHD2 (created with BioRender). 

(A) Import through the STOP-transfer pathway, where the mitochondrial processing peptidase (MMP) cleaves 

the mitochondrial targeting sequence (MTS) in the matrix and the protein is then cleaved by another peptidase 

to give rise to a soluble protein in the IMS. 

(B) Import into the mitochondrial matrix and classical processing of the MTS.  

(C) Experimentally validated import pathway for CHCHD10 and CHCHD2: import into the IMS through the 

oxidation of Mia40 without processing of the MTS.  
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CHCHD2 contains classical features of a protein with a bipartite presequence (MTS + 

hydrophobic domain) imported into mitochondria by the so-called STOP-transfer pathway 

(Gasser et al., 1982). Hence, the protein has a probability for a processing event in or nearby the 

hydrophobic domain by one of the proteases PARL, IMMP1L, IMMP2L or with lower 

probability OMA1, YME1L, HTRA2 or XRCCBP6/KUB3. The sequence for CHCHD2 contains 

several conserved features including a possible MPP cleavage site after aa52, a possible PARL 

cleavage site after aa63, and a possible signal peptidase cleavage site after aa79 predicted by 

SignalP4.1 (Nielsen, 2017). It is therefore possible that a small amount of CHCHD2 is matured 

by one of these proteases and results in a soluble IMS protein of smaller size. Other IMS proteins 

that follow the stop-transfer pathway are cytochrome b2 (Glick et al., 1992), apoptosis-inducing 

factor (AIF) (Hasson et al., 2010), and DIABLO (Burri et al., 2005).  

In our study we analysed five different CHCHD10 variants (p.R15L, p.G58R, p.S59L, 

p.G66V and p.P80L) by immunofluorescence, all of which localized to mitochondria 

(unpublished data). Likewise, CHCHD2 wild-type as well as the p.T61I an p.R145Q localized to 

mitochondria. Analysing the localization of a protein by immunofluorescence, however, has the 

caveat that the experiment depends on the quality of the antibody, as well as the fact, that small 

amounts of a protein in a different compartment might not be detectable due to the very strong 

signal in mitochondria. Other studies reported a localization of CHCHD10 and CHCHD2 outside 

of mitochondria by immunofluorescence in stress conditions like hypoxia or the overexpression 

of TDP43 (Purandare et al., 2018, Woo et al., 2017). Another approach for the analysis of protein 

localization is cellular fractionation; however, the inevitable small amounts of contamination 

from other cellular compartments hampers the ability to provide conclusive evidence for multiple 

localizations. The majority of the endogenous CHCHD10 and CHCHD2 proteins localized to the 

mitochondrial intermembrane space by cellular fractionation; however, a small proportion of the 

CHCHD10, and even more so CHCHD2, also localized to the cytosol (unpublished data). In 

stress conditions, like hypoxia, treatment with CCCP or galactose we could not detect any 

significant amount of CHCHD10 or CHCHD2 outside of mitochondria by immunofluorescence 

(unpublished data); however, it would be valuable to test this by cellular fractionation.  

In conclusion, we suggest CHCHD10 and CHCHD2 are predominantly mitochondrial 

proteins; however, our data cannot exclude a partial localization outside of mitochondria. 
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5.2 Protein expression of CHCHD10 and CHCHD2 

CHCHD10 and CHCHD2 expression was highly variable in control cells and in different 

cell types. Cancer cell lines like 143B cells (osteosarcoma), HeLa and HEK showed high levels, 

whereas fibroblasts have rather low protein expression (unpublished results). Different types of 

neurons showed very different expression as well, and astrocytes, the motor neuron supporting 

cells, have a particularly high expression of CHCHD10 (unpublished results) (Sharma et al., 

2015). Lastly, CHCHD10 and CHCHD2 proteins have a short half-life time of only 1.5 hours 

(unpublished results) (Burstein et al., 2018). In our studies we observed an increase of 

CHCHD10 and CHCHD2 in different stress conditions and a longer half-life time. The switch 

from glucose to galactose medium (glucose-free) led to a general increase of mitochondrial mass 

(Straub et al., 2018), yet, the increase in CHCHD10 and CHCHD2 levels surpassed that. Two 

variants of CHCHD10, CHCHD10 p.Q108P and CHCHD10 p.R15L have been shown to be less 

stable than wildtype protein (Lehmer et al., 2018). Previous studies have also shown an increase 

in the levels of CHCHD10 and CHCHD2 when the mitochondrial membrane potential was 

dissipated (Huang et al., 2018, Meng et al., 2017, Quiros et al., 2017). We found the same 

marked increase of CHCHD2 and CHCHD10; however, we also identified several short forms of 

CHCHD2, in stress and non-stress condition, which do not seem to be present for CHCHD10. It 

remains to be elucidated, whether these short forms result from an alternative transcription start 

site or a posttranslational processing by protease cleavage. 

 

5.3 Mitochondrial morphological changes for CHCHD10 and CHCHD2 variants and 

knockouts 

Changes in mitochondrial morphology have been linked to different neurodegenerative 

diseases and are a sign of mitochondrial stress (Martin, 2012). The mitochondrial network in 

patient CHCHD10 p.R15L fibroblasts was hyperfused (Straub et al., 2018), whereas other 

CHCHD10 variants, like CHCHD10 p.S59L, p.G58R or p.G66V, led to a fragmentation of the 

mitochondrial network (Baek et al., 2019, Genin et al., 2018, Lehmer et al., 2018) (and our 

unpublished results). The knockout of CHCHD2 led to a fragmentation of the mitochondrial 

network whereas the two CHCHD2 variants (p.T61I and p.R145Q) did not influence 

mitochondrial morphology significantly. CHCHD2 p.T61I however, did not fully rescue the 

observed alterations. Changes in mitochondrial morphology are orchestrated by proteins of the 
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fission and fusion machinery which include DRP1, MFN1/2 and OPA1. These proteins were 

largely unaffected by CHCHD10 and CHCHD2 variants; however, siRNA-mediated knockdown 

of CHCHD2, as well as the knockout of CHCHD2, led to a shift from long to short OPA1 forms 

(Straub et al., 2018), which is a hallmark of mitochondrial fragmentation. Similar changes in 

OPA1 were reported in a double knockout of CHCHD10 and CHCHD2 in mammalian cells, 

connecting OPA1 cleavage by the OMA1 protease to cristae abnormalities (Liu et al., 2019). A 

previous study suggested the interaction of CHCHD2 with p32 influences the interaction of p32 

with YME1L and therefore OPA1 processing (Liu et al., 2020). In our study we identified 

increased interaction of CHCHD2 p.T61I with YME1L. Whether CHCHD2 interacts with 

YME1L endogenously and has a direct effect on OPA1 processing needs to be validated in 

further experiments.  

CHCHD10 and CHCHD2 were reported to play a role in cristae structure formation 

through their interaction with MICOS subunits (Genin et al., 2018, Genin et al., 2015, Meng et 

al., 2017, Zhou et al., 2019). However, our study, and those of other groups failed to identify an 

interaction between CHCHD10 or CHCHD2 and the MICOS subunits (Burstein et al., 2018, 

Huang et al., 2018, Straub et al., 2018). Furthermore, we did not find any cristae abnormalities in 

mitochondria in patient fibroblasts harbouring the CHCHD10 p.R15L variant. The only 

CHCHD10 variant showing abnormal cristae structure is CHCHD10 p.S59L, which is thought to 

produce a toxic gain of function (Genin et al., 2015). The complete loss of the Drosophila 

orthologue of CHCHD10 and CHCHD2, CG5010, as well as the double knockout in human 

cells, also lead to a cristae morphology defect (Liu et al., 2019, Meng et al., 2017).  

In conclusion, CHCHD10 and CHCHD2 variants result in the disturbance of mitochondrial 

morphology, most probably the result of mitochondrial respiration deficiencies. 

 

5.4 CHCHD10 and CHCHD2 are involved in mitochondrial energy production 

ALS and Parkinson’s Disease primarily affect motor neurons and dopaminergic neurons, 

respectively. Neuronal metabolism depends largely on mitochondrial ATP production and 

neurons are more susceptible to low energy supply than other cell types, i.e. neuron-supporting 

astrocytes (Ames, 2000, Fernandez-Fernandez et al., 2012). The first indications that CHCHD2 

or CHCHD10 could be involved in mitochondrial respiratory function came from a study in 

Saccharomyces Cerevisiae, where the deletion of Mic17 (the orthologue in yeast) resulted in 
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reduced oxygen consumption (Longen et al., 2009). We showed that CHCHD10 p.R15L patient 

fibroblasts had reduced oxygen consumption and increased lactate production compared to 

controls due to a complex I deficiency (Straub et al., 2018). CRISPR-Cas9 mediated CHCHD10 

knockout cells phenocopied the patient, and in both models the phenotype could be rescued by 

the reintroduction of the wild-type protein. Similarly, overexpression of the CHCHD10 p.S59L 

and p.G58R variants resulted in a decreased ATP production and maximal respiratory capacity 

(Baek et al., 2019, Burstein et al., 2018). It was proposed that the knockdown of CHCHD10 also 

alters mitochondrial oxygen consumption (Lehmer et al., 2018, Purandare et al., 2018); however, 

siRNA mediated knockdown in fibroblasts cells in our hands and in another study does not 

support these findings (unpublished results) (Burstein et al., 2018).  

The loss of CHCHD2 had an even more profound impact on mitochondrial oxygen 

consumption. An early computational study suggested an association of CHCHD2 with proteins 

involved in mitochondrial respiratory function (Baughman et al., 2009). The knockdown as well 

as the introduction of the disease variants p.R145Q and p.Q126X in isogenic human embryonic 

stem cells resulted in reduced oxygen consumption (Zhou et al., 2019). Similarly, a Drosophila 

CHCHD2 knockout model showed reduced maximal respiratory capacity (Meng et al., 2017). 

Our model representing the pathogenic variants p.T61I and p.R145Q in fibroblasts and the 

CHCHD2 knockout showed reduced levels of mitochondrial OXPHOS complexes I, IV and the 

disassembly of complex V. The analysis of oxygen consumption in CHCHD2 knockout cells, 

would be a valuable experiment to identify the extent of the deficiency of the respiratory chain. 

Interestingly, CHCHD10 levels were affected by short term siRNA mediated knockdown of 

CHCHD2; however, not by long term knockout of CHCHD2 (Straub et al., 2018). Moreover, 

CHCHD10 transcript and protein levels where significantly decreased when expressing 

CHCHD2 wildtype protein from cDNA. The overall reduction of OXPHOS complexes by the 

loss of CHCHD2, and the effect on CHCHD10 protein levels, indicate a role of CHCHD2 

upstream of CHCHD10, and suggest regulation of CHCHD10 by CHCHD2. 

 

5.5 CHCHD10 and its influence on mitochondrial and cellular metabolism 

Growing cells in medium in which galactose is substituted for glucose forces cells to rely 

entirely on ATP production from mitochondria. Cells with mitochondrial deficiencies vary in 

their response to galactose as a nutrient stress. Some of them become more vulnerable to cell 
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death, because they are reliant on glycolysis to maintain survival and cell growth (Ghelli et al., 

2003, Robinson et al., 1992, Soustek et al., 2018). Interestingly, only CHCHD10 p.R15L patient 

cells and CRISPR-Cas9 mediated CHCHD10 knockout cells exhibited cell death in galactose in 

our hands (Straub et al., 2018). The knockout of CHCHD2, as well as the expression of different 

disease variants of CHCHD10 or CHCHD2 did not result in any obvious growth defect 

(unpublished results). The metabolic switch from glucose to galactose leads to an increase of 

steady-state levels of mitochondrial proteins in general (Aguer et al., 2011), and this increase 

was even greater in CHCHD10 p.R15L patient cells compared to control cells (Straub et al., 

2018). The NADH/NAD+ ratio decreased in control cells in galactose, due to an increase in the 

use of mitochondrial respiration as the main energy source (Ryall et al., 2015). In CHCHD10 

p.R15L patient cells, despite the increase in mitochondrial mass, the NADH/NAD+ ratio 

increased. 

The severe defect in complex I is most probably the cause of all the changes we observed, 

(1) increased NADH/NAD+ ratio, (2) decreased ATP/AMP ratio, (3) increased activation of the 

one-carbon metabolism in mitochondria and decrease in the cytosol (4) inhibition of mTOR and 

(5) the activation of the integrated stress response in mitochondria and ER. Similar changes were 

observed in heart tissue in two different mouse models of CHCHD10 p.S59L as well as the 

double knockout of CHCHD10 and CHCHD2 (Anderson et al., 2019b, Liu et al., 2019). 

However, the CHCHD10 p.S59L variant caused an overall decrease in transcripts of the subunits 

of the mitochondrial OXPHOS complexes, formed punctuate aggregates in mitochondria, and 

acted as a dominant negative (Anderson et al., 2019b). It is therefore interesting that very 

different CHCHD10 variants caused a similar metabolic phenotype, although the 

haploinsufficient variant CHCHD10 p.R15L only exhibited these changes in galactose medium, 

suggesting that the latter is less severe than variant CHCHD10 p.S59L. Other models of ALS 

with mutant SOD1 or mutant aggregated TDP43 have been shown to be prone to ER stress (Das 

et al., 2015, Kim et al., 2014). 

With the activation of the integrated stress response we identified a release of FGF21 and 

GDF15. FGF21 regulates lipid and glucose metabolism and was previously described as a 

specific response to diseases caused by mutations in mitochondrial DNA (mtDNA), and not 

respiratory chain deficiencies per se (Forsstrom et al., 2019, Lehtonen et al., 2016). Both 

myokines have been proposed as biomarkers for mitochondrial disease (Nohara et al., 2019, 
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Suomalainen et al., 2011). The CHCHD10 p.S59L variant induced high levels of FGF21 and 

GDF15, but also showed lower mtDNA copy numbers (Anderson et al., 2019b, Genin et al., 

2019). The CHCHD10 p.R15L variant in our model did not show any obvious differences in 

mtDNA copy number by immunofluorescence analysis (unpublished results), but showed 

nonetheless a marked increase in FGF21 and GDF15. Also remarkable, is the universal response 

of FGF21 to metabolic stress in seemingly many cell types. FGF21 is mainly considered a 

hepatokine, secreted by the liver to regulate sugar intake (Tezze et al., 2019). The mouse model 

of variant CHCHD10 p.S59L had a reduced fat tissue mass and high levels of FGF21 (Anderson 

et al., 2019b). To date, there is no mouse model of the CHCHD10 p.R15L variant, but our data 

predict that a similar phenotype would be observed, at least in stress conditions.  

 

5.6 Interaction of CHCHD10 and CHCHD2 with each other and other cellular proteins 

Analysis of the CHCHD10 and CHCHD2 interaction revealed a complex between the two 

proteins of around 220 kDa (Straub et al., 2018), but most of the proteins appeared in the low 

molecular weight range, likely in monomeric form. The precise composition of the high 

molecular complexes seen on BN-PAGE gels remains unknown; however, it is altered, or non-

existent in patient cells with CHCHD10 p.R15L variant as well as for the cells with a CHCHD2 

knockout cells or those harbouring the p.T61I variant. 

The CHCH-domain can form intermolecular disulfide bonds and it being the only known 

functional domain in CHCHD2 and CHCHD10, it becomes valuable to determine the redox state 

of the cysteines in these proteins. Like many other twin CX9C motif containing proteins which 

form intermolecular disulfide bonds with other cysteine bearing proteins or bind metals (e.g. 

COX17 (Glerum et al., 1996)), CHCHD10 and CHCHD2 could form intermolecular disulfide 

bonds between each other to form the high molecular weight complex. However, our study 

established that the disulfide bonds of CHCHD2 and CHCHD10 are very stable and solely 

structural at steady state. Furthermore, we could not identify other proteins in the high molecular 

weight complex, suggesting that the complex is an assembly of multiple CHCHD2 and 

CHCHD10 proteins without intermolecular disulfide bonds. At the moment we do not know the 

function of this complex or its exact localization. Two other groups identified 

CHCHD2/CHCHD10 heterodimers or CHCHD2 dimers, but only when crosslinked with 
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disuccinimidyl glutarate (DSG) or dithiobis (succinimidyl propionate) (DSP) (Huang et al., 2018, 

Meng et al., 2017). 

CHCHD10 and CHCHD2 have been shown to interact strongly with each other and 

another cellular protein C1QBP/p32 using different pull-down approaches (Burstein et al., 2018, 

Floyd et al., 2016, Liu et al., 2020, Straub et al., 2018, Wei et al., 2015, Zhang et al., 2013). 

However, all of our studies failed to support previously claimed interactions of CHCHD2 with 

MICS1, cytochrome c or BcL-xL (Liu et al., 2015, Meng et al., 2017, Oka et al., 2008). 

C1QBP/p32 was shown to be predominantly a mitochondrial matrix protein responsible for 

mitochondrial translation (Yagi et al., 2012). The knockdown or knockout of p32 resulted in 

severe defects of the mitochondrial respiratory chain and its function (unpublished results) 

(Gotoh et al., 2018). Protein levels of CHCHD2 and CHCHD10 were greatly diminished when 

p32 was knocked down (unpublished results). We therefore suggest that p32 has a role upstream 

of CHCHD2 and CHCHD10. This interaction is difficult to explain as p32 is a protein which 

mainly resides in the mitochondrial matrix and CHCHD10 and CHCHD2 are present largely in 

the intermembrane space. However, other subcellular localizations of p32, like the ER, the 

nucleus and the cell surface, have been described (Ghebrehiwet et al., 2001, Matthews & 

Russell, 1998, Strong & Hodges, 1976). Hence the question is how and where are p32 and 

CHCHD2 and CHCHD10 proteins interacting. In 2D-PAGE analysis we found that p32 behaves 

as a monomer and it did not co-migrate with the higher molecular weight complex of CHCHD10 

and CHCHD2 (Straub et al., 2018). One idea is that CHCHD10/2 and p32 interact while p32 is 

being imported into mitochondria on its way through the intermembrane space into the matrix. 

Another possibility is that CHCHD10/2 are cleaved and imported into the matrix where the 

interaction with p32 occurs with shorter forms of CHCHD10 and CHCHD2. Lastly, it cannot be 

ruled out that an interaction could also take place in the cytosol or in the nucleus. 

Using a relatively mild detergent like digitonin to extract proteins for immunoprecipitation 

experiments enables one to maintain stability of certain complexes (Niklas et al., 2011). With 

this approach, we identified additional interaction partners of ectopically expressed CHCHD2 

which are involved in RNA metabolism outside of mitochondria. New interaction partners 

included ALYREF and CHTOP, two nuclear proteins important for exporting mRNAs from the 

nucleus into the cytosol (Chang et al., 2013, Shi et al., 2017). Although we do not understand the 

functional relevance or the localization of this interaction, we consider it significant, as the 
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interaction of CHCHD10 with ALYREF and with CHTOP, and CHCHD2 with ALYREF was 

independently reported in two other studies (Floyd et al., 2016, Wei et al., 2015). Moreover, p32 

also interacted with ALYREF (unpublished results) (Zhang et al., 2013). As either ALYREF or 

CHTOP have never been shown to be present in mitochondria, the interaction with CHCHD10, 

CHCHD2 and p32 is most likely localized to the nucleus or the cytosol and not mitochondria.  

In summary, using our data as well as previously published data we created an interactome 

of CHCHD2 and CHCHD10. The interaction with p32 and ALYREF as well as CHTOP, 

potentially occurs in the mitochondrial matrix, the cytosol or the nucleus. CHCHD2 and 

CHCHD10 do not possess an RNA-binding domain; nonetheless, they could support the RNA-

bound proteins and thus facilitate RNA stability and/or translation. The overall reduction of 

cellular mRNA in CHCHD2 knockout cells is one indication for this hypothesis. However, the 

overexpression of CHCHD2 did not rescue this phenotype, suggesting crucial fine tuning of 

CHCHD2 levels to ensure its proper function, similarly another study showed that 

overexpression of wild-type CHCHD2 resulted in neuromuscular phenotype in flies (Tio et al., 

2017).  
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6. Conclusions and future directions 
 

CHCHD10 and CHCHD2 are predominately mitochondrial intermembrane-space 

proteins, whose levels and whose half-life times are increased upon stress to support 

mitochondrial biogenesis and function. They interact with each other and form a high molecular 

weight complex of 220 kDa. The importance of this complex is highlighted by the fact that its 

composition changes in cells with different pathological variants of CHCHD10 or CHCHD2. 

Both CHCHD10 and CHCHD2 play an important role in mitochondrial respiratory function. The 

abnormalities in cristae and mitochondrial morphology seem to be secondary to the primary 

mitochondrial respiratory defect caused by the loss of functional CHCHD10 or CHCHD2. The 

CHCHD10/CHCHD2 complex is more likely involved in regulating the activity of the 

respiratory chain than in the assembly of the OXPHOS complexes per se. It could function as a 

relay to transmit signals to the respiratory chain to fine tune the demand for energy. Further 

studies will be necessary to determine the precise molecular function of CHCHD2 and 

CHCHD10, as well as the role of the high molecular weight complex formed by these proteins. 

What is the role of the shorter forms of CHCHD2? Is CHCHD2 processed by one of the inner 

membrane proteases only upon stress? Do they act as signalling molecules inside or outside of 

mitochondria?  

Our results, together with those from other studies, established the differences in 

phenotypes between variants of CHCHD10 and CHCHD2 (Fig. 6.1). The variants present in the 

hydrophobic domain of the proteins are associated with the most severe phenotypes, with the 

formation of aggregates in mitochondria, an effect on mitochondrial cristae structure, as well as 

functional defects in the respiratory chain. These variants result in a toxic gain of function 

through the increase in hydrophobicity and consequent aggregation in the IMS. On the other 

hand, CHCHD10 p.R15L, CHCHD10 p.P80L and CHCHD2 p.R145Q appear haploinsufficient, 

with lower protein levels and a milder overall phenotype, and no effect on cristae structure. 

Lastly, some of the variants in the CHCH-domain do not localize to mitochondria and have been 

shown to cause very early disease onset (Lehmer et al., 2018). In summary, CHCHD10 and 

CHCHD2 variants show different phenotypes but have one in common, they all affect 
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mitochondrial respiration. We therefore suggest therein lies the primary function of these 

proteins. 

 
Figure 6.1 Scheme of selected variants of CHCHD10 and CHCHD2 and their most established phenotypes 

(created with BioRender). Aggregates: CHCHD10/CHCHD2 protein aggregates; OXPHOS: respiratory chain 

malfunctioning; Cristae: abnormal cristae structure; fission/fusion: alterations in mitochondrial morphology; 

mis-localized: localization of CHCHD10 variant outside of mitochondria. Aminoacid changes and positions of 

variants are abbreviated. CHCHD2 variants are depicted in green and CHCHD10 variants in blue.  

 

Multi-omics studies of the CHCHD10 pathological variant p.R15L showed a marked cellular 

energy deficit under nutrient stress, induced by growth in galactose. The increased AMP/ATP 

ratio as well as NADH/NAD+ ratio and the production of the metabolic cytokines FGF21 and 

GDF15 all suggested that the energy deficit might be the cause of motor neuron death in this 

ALS model. Potentially, restoring NAD+ levels through the supplementation of precursors for de 

novo biosynthesis or manipulation of the enzymes involved in biosynthesis would be interesting 

possibilities for treatment. Moreover, the induction of the integrated stress response could serve 

as a point of drug targeting to treat CHCHD10 and CHCHD2 related disorders, a strategy that 

has previously been successfully implemented to reduce toxicity mediated by TDP43 aggregates 

in flies (Kim et al., 2014). Future experiments could include the study of metabolic changes of 

other CHCHD10 and CHCHD2 variants. Identifying an underlying common pattern for 

metabolic dysfunction could give further clarification on how to treat CHCHD10 and CHCHD2 

related disorders. 

CHCHD2 and CHCHD10 interact with C1QBP/p32 protein, as well as other proteins 

involved in cellular RNA metabolism. The involvement of commonly mutated genes in ALS and 

PD in RNA metabolism is an area of intense investigation. It has become clear that RNA 
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dysregulation in ALS (TDP43, FUS, and C9orf72) and PD (LRKK2 and DJ-1) is a key 

contributor to disease pathogenesis (Liu et al., 2017, Lu et al., 2014). Many processes, like RNA 

splicing, biogenesis, exo-nuclear transport, stability and regulation could potentially be affected. 

The interaction of CHCHD10 and CHCHD2 with ALYREF and CHTOP, RNA export factors, is 

therefore an area that links different disease-causing proteins, with potentially a common 

underlying mechanism for disease pathogenesis. The high expression of CHCHD2 in many 

cancers is another indication of its involvement in cell growth and biogenesis, and potentially 

translation. The investigation of the interaction with ALYREF is therefore of particular interest.  
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18. Appendix 
Research Ethics Board approval for study on human patient fibroblasts.  
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