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ABSTRACT
Mutations in mitochondrial protein CHCHD2 and its paralog CHCHD10 were identified in patients 
with Parkinson disease (PD), amyotrophic lateral sclerosis (ALS), frontotemporal dementia (FTD) or 
Alzheimer disease (AD). CHCHD2 and CHCHD10 mutations caused neurodegeneration in model 
animals as seen in patients, but their pathophysiological roles remain elusive. Here we reported 
a direct role of CHCHD2 and CHCHD10 in autophagy. We identified a protein complex composing of 
CHCHD2-CHCHD10-C1QBP/p32-Atg8-family proteins (ATG8s), in which each molecule interacted with 
another. CHCHD2, CHCHD10 and C1QBP/p32 associated with ATG8s, preferentially, GABARAPs. 
Disease-associated CHCHD2 and CHCHD10 mutations exhibited varied interaction with ATG8s. By 
binding to GABARAPs, CHCHD2 and CHCHD10 underwent autophagic degradation, and recruited the 
ULK1 complex. Autophagy initiation defects occurred upon transient knockdown of CHCHD2, and 
also in human iPSC-derived CHCHD2−/− or CHCHD2T61I dopaminergic neurons. Importantly, CHCHD2 
and CHCHD10 promoted autophagy. CHCHD2 reduced protein aggregates in cells and toxic SNCA/α- 
synuclein species in mouse striatum. Our study thus revealed mitochondrial proteins CHCHD2 and 
CHCHD10 as both autophagy substrates and autophagy activators and laid groundwork for therapy 
targeting patients with neurodegeneration.

Abbreviations: AA: amino acid; AD: Alzheimer disease; ALS: amyotrophic lateral sclerosis; ATG5: 
autophagy related 5; ATG7: autophagy related 7; ATG8: mammalian Atg8-family protein; ATG13: 
autophagy related 13; bafA1: bafilomycin A1; C1QBP/p32/gC1qR/HABP1: complement component 1, 
q subcomponent binding protein; CHCHD2/MNRR1/MIX17B: coiled-coil-helix-coiled-coil-helix domain 
containing 2; CHCHD10/MIX17A: coiled-coil-helix-coiled-coil-helix domain containing 10; CHX: cyclo
heximide; CMA: chaperone-mediated autophagy; CRISPR: clustered regularly interspaced short palin
dromic repeats; CQ, chloroquine; DA: dopaminergic; DMSO: dimethyl sulfoxide; EBSS: Earle’s balanced 
salt solution; RB1CC1/FIP200: RB1 inducible coiled-coil 1; FTD: frontotemporal dementia; GABARAP: 
gamma-aminobutyric acid receptorbassociated protein; GABARAPL1: GABA type A receptor asso
ciated protein like 1; GABARAPL2: GABA type A receptor associated protein like 2; hESC: human 
embryonic stem cells; iPSC: induced pluripotent stem cell; KO: knockout; LAMP1: lysosomal- 
associated membrane protein 1; LAMP2A: lysosomal-associated membrane protein 2A; MAP1LC3/ 
LC3: microtubule-associated protein 1 light chain 3; LIR: LC3-interacting region; PD: Parkinson 
disease; SQSTM1/p62: sequestosome 1; TARDBP/TDP-43: TAR DNA binding protein; TH: tyrosine 
hydroxylase; TMR, tetramethylrhodamine; WT: wild type; UB: ubiquitin; ULK1: unc-51 like kinase 1.
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Introduction

Neurodegenerative disorders including Parkinson disease (PD), 
amyotrophic lateral sclerosis (ALS), frontotemporal dementia 

(FTD) and Alzheimer disease (AD) are characterized with neu
ron loss with mitochondrial dysfunction and protein aggregates. 
Disruption of either mitochondria or proteostasis leads to
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neurodegeneration; however, those pathogenic mechanisms are 
always heavily entangled, providing challenges in designing effi
cient interventions.

Mitochondrial protein CHCHD2/MNRR1/MIX17B 
(coiled-coil-helix-coiled-coil-helix domain containing 2) and 
its paralog CHCHD10/MIX17A (coiled-coil-helix-coiled-coil- 
helix domain containing 10) are associated with various neu
rodegenerative disorders. Heterozygous CHCHD2T61I mutant 
was firstly identified in a late-onset autosomal dominant PD 
family with Lewy bodies [1], and later in patients with PD [2– 
6], AD [7,8], essential tremor [9], FTD [7,8] or ALS [8,10,11]. 
CHCHD2 binds to its paralog CHCHD10 [12–14], sharing 
57% sequence identity. CHCHD10 mutations were identified 
in neurodegenerative or motor neuron disorders including 
FTD [15–18], ALS [15,16,19], mitochondrial myopathy [20], 
CMT2 (Charcot-Marie-Tooth disease type 2) [21], SMAJ 
(spinal muscular atrophy, Jokela type) [22] and PD [6]. 
CHCHD2 or CHCHD10 mutations caused neurodegenera
tion with protein aggregates in C. elegans [23], Drosophila 
melanogaster [24–27], zebrafish [28] and mouse [29–38], 
similarly seen in patients [39,40]. However, their underlying 
physiological roles remain elusive.

As mitochondrial proteins, CHCHD2 and CHCHD10 
locate in the mitochondrial intermembrane space [41] and 
associate with mitochondrial inner membrane [14]. They 
maintain mitochondrial inner membrane ultrastructure, reg
ulate mitochondrial stress response, metabolism and apopto
sis [12,14,24,42,43]. Such roles appear to explain 
neurodegeneration caused by CHCHD2 or CHCHD10 
mutants, but chchd2 and chchd10 double knockout (DKO) 
mice or CHCHD2 and CHCHD10 DKO iPSCs (induced plur
ipotent stem cells) were largely normal with some mitochon
dria defects [44,45], suggesting mitochondrial roles of 
CHCHD2 and CHCHD10 are largely dispensable and neuro
degeneration caused by mutations in CHCHD2 or CHCHD10 
may not be due to their mitochondrial functions. Moreover, 
how do CHCHD2 or CHCHD10 mutations cause aggregates? 
Some CHCHD2 or CHCHD10 mutants formed aggregates 
[31,35,36,46]. CHCHD2 colocalized with Lewy bodies in PD 
patient [47], but CHCHD2 did not bind to SNCA/α-synuclein 
[29]. CHCHD10 instead bound to TARDBP/TDP-43 (TAR 
DNA binding protein 43) [23]. CHCHD10 aggregates coloca
lized with TARDBP inclusions in FTD or AD patients [34], 
but this cannot explain how CHCHD10 mutants associated 
with protein aggregates absent of TARDBP pathology [48]. 
Notably, chchd2-/- mice showed autophagy defects [29]. 
CHCHD10 aggregates were found in midbrain neurons in 
juvenile Chchd10S59L mice, a stage before mitochondria dys
function occurred [34,35,49], suggesting CHCHD2 and 
CHCHD10 play roles in proteostasis, possibly preceding 
their mitochondrial functions.

CHCHD2 and CHCHD10 associate with C1QBP/p32/ 
gC1qR/HABP1 (complement component 1, q subcomponent 
binding protein) [41,50,51], an abundant mitochondrial 
matrix protein. C1QBP/p32 is indispensable for mitochondria 
by exerting numerous functions [52]. Biallelic or homozygous 
C1QBP/p32 mutations were reported in human patients with 
severe or fatal clinical manifestations [53–56]. Central nervous 
system-specific c1qbp-/- mice died within 8 weeks of birth 

showing degenerative phenotypes [57]. Cardiomyocyte- 
specific c1qbp-/- mice were embryonic lethal with autophagic 
abnormalities [58,59]. The central role of C1QBP/p32 under
lying such severity seems vague with its pleiotropic cellular 
functions.

Here we investigated CHCHD2 and CHCHD10’s roles in 
macroautophagy/autophagy-lysosome pathway. We discov
ered a protein complex composing of CHCHD2-CHCHD10- 
C1QBP/p32-ATG8s (autophagy related 8), in which every 
molecule bound to another. CHCHD2, CHCHD10 and 
C1QBP/p32 preferentially bound to GABARAPs (GABA 
type A receptor-associated protein), so that CHCHD2 and 
CHCHD10 functioned as both autophagy substrates and acti
vators. Our study thus revealed direct roles of CHCHD2- 
CHCHD10-C1QBP/p32 complex in autophagy and provided 
novel perspectives on mitochondria in global protein 
homeostasis.

Results

CHCHD2 and CHCHD10 underwent active autophagic 
degradation via lysosomes

CHCHD2, CHCHD10 and C1QBP are mitochondrial proteins, 
binding to each other. Consistent with previous studies [13,41], 
CHCHD2 degraded fast, with a t1/2 ≤ 2 h. CHCHD10 had 
a slightly longer t1/2 than CHCHD2, while C1QBP was stable 
(Figure 1(A)). To examine how CHCHD2 decayed, we tested if 
CHCHD2 was decayed by mitochondrial proteases. CHCHD2 
or CHCHD10 was reduced upon knockdown of mitochondrial 
proteases LONP1 (lon peptidase 1, mitochondrial), CLPP 
(caseinolytic mitochondrial matrix peptidase proteolytic subu
nit), HTRA2 (HtrA serine peptidase 2), YME1L1 (YME1-like 1 
(S. cerevisiae)), AFG3L2 (AFG3-like AAA ATPase 2) (Figures 
S1A-B), or LONP1 inhibitor treatment (Figures S1C), suggest
ing those mitochondrial proteases could play more roles in 
stabilizing CHCHD2 and CHCHD10 than degrading them. 
Mitochondrial uncoupler FCCP, inducing PINK1 (PTEN 
induced putative kinase 1)-PRKN/Parkin (parkin RBR E3 ubi
quitin protein ligase)-dependent mitophagy, enhanced 
CHCHD2 and CHCHD10 [13,60], suggesting neither 
CHCHD2 nor CHCHD10 was degraded by PINK1-PRKN 
/Parkin-dependent mitophagy. Next, we tested if CHCHD2 or 
CHCHD10 was decayed via proteasome. CHCHD2 and 
CHCHD10 were reduced upon treatment of proteasome inhi
bitor MG132 or BTZ (bortezomib) (Figure 1(B)), suggesting 
neither CHCHD2 nor CHCHD10 was degraded by UB (ubi
quitin)-dependent proteasome pathway. MAP1LC3/LC3 
(microtubule associated protein 1 light chain 3)-II was 
enhanced by MG132 (Figure 1(B)), indicative of autophagy 
activation [61]. We then tested if CHCHD2 or CHCHD10 
was degraded via autophagy. CHCHD2 was reduced by activa
tion of autophagy via torin1, rapamycin, nutrient deprivation 
by EBSS (Earle’s balanced salt solution) or serum starvation 
(Figure 1(C), S1D). CHCHD2 and CHCHD10 were enhanced 
by wortmannin (Wort, an autophagy inhibitor), chloroquine 
(CQ, an inhibitor of autophagy-lysosome), bafilomycin A1 
(bafA1, inhibitor of vacuolar-type H+-ATPase) (Figures 1(D- 
E), S1E-F) and the combination of leupeptin with NH4Cl which
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Figure 1. CHCHD2 and CHCHD10 underwent autophagic degradation via lysosomes. (A) Western blot analysis of endogenous CHCHD2, CHCHD10 and C1QBP in SK- 
N-SH cells treated with protein synthesis inhibitor CHX (cycloheximide) 50 µg/ml. Quantification of CHCHD2, CHCHD10 and C1QBP normalized with ACTB. n = 4. (B) 
Western blot analysis of SK-N-SH cells treated with proteasome inhibitor MG132 1 µM or 5 µM, proteasome inhibitor bortezomib (BTZ) 100 nM for 5 h. Quantification 
of CHCHD2 and CHCHD10 normalized with ACTB. n = 4. (C) Western blot analysis of SK-N-SH cells treated with 250 nM MTOR inhibitor torin1, 10 µM rapamycin, 
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inhibits lysosomal proteases (Figure S4D). Collectively, 
CHCHD2 and CHCHD10 were actively degraded via autopha
gy-lysosome pathway.

We wondered if CHCHD2 and CHCHD10 colocalized 
with lysosomes. Endogenous CHCHD2, CHCHD10 and 
C1QBP were in mitochondria with little colocalization with 
lysosome marker LAMP1 (lysosomal-associated membrane 
protein 1) (Figure S1G) [14]. Some colocalization of 
CHCHD2, CHCHD10 or C1QBP with LAMP1 was observed 
after lysosome inhibitor treatment (Figure S1G), with most 
CHCHD2, CHCHD10 or C1QBP still in mitochondria. 
Cytosolic CHCHD2 or CHCHD10 is hardly captured by 
regular assays, but CHCHD2 and CHCHD10 are believed to 
be translated in cytosol and transported to mitochondria 
[62,63]. Some CHCHD2 or CHCHD10 mutants were cytoso
lic. PD-associated CHCHD2Q126X, losing an intact C-terminal 
CHCH domain, was in cytosol [14] (Figures S2A-D, F). ALS- 
associated CHCHD10Q108P, with a mutated Q108 in CHCH 
domain, was cytosolic [62] (Figures S2E-F). CHCHD2Q120P, 
an equivalent of CHCHD10Q108P (Figure S2F), was ~100% 
cytosolic (Figures S2G-J). Collectively, C-terminal CHCH 
domain of CHCHD2 and CHCHD10 contributed to their 
mitochondrial targeting. CHCHD10 was transported to mito
chondria via CHCHD4/Mia40/TIMM40 (coiled-coil-helix- 
coiled-coil-helix domain containing 4) [62]. However, 
CHCHD4 did not affect mitochondrial localization of wild- 
type (WT) CHCHD2 or CHCHD2Q120P (Figure S2K). 
CHCHD2Q120P was in the cytosol when co-overexpressed 
with CHCHD4. Some CHCHD4 colocalized with 
CHCHD2Q120P in the cytosol, suggesting CHCHD4 may not 
direct mitochondrial localization of CHCHD2.

The N termini of CHCHD2 and CHCHD10 could contri
bute to mitochondrial localization with predicted mitochon
drial-transportation signal (MTS) (Figure S2L) [32]. To 
investigated the N or C terminus of CHCHD2 and 
CHCHD10 in their mitochondrial targeting, we examined 
the subcellular localization of CHCHD2 and CHCHD10 
with or without N- or C-terminal tags (non-tagged, small 
tag ~1 kDa and large tag ~20 kDa) (Figures S2L, O). With 
an expression level similar to endogenous proteins (Data not 
shown), non-tagged CHCHD2 was predominantly localized 
to mitochondria with minor cytosolic presence (Figures S2M- 
N). C-terminal FLAG-MYC-tagged CHCHD2 was predomi
nantly located in mitochondria, with about 20–30% present in 
the cytosol. N-terminal HA-FLAG-tagged CHCHD2 was par
tially cytosolic (about 30–40%) (Figures S2M-N). Such results 
suggested CHCHD2 was present in both the cytosol and 
mitochondria while a small tag at N or C terminus trapped 
some CHCHD2 in the cytosol. Alternatively, about 70% of 
non-tagged CHCHD10 was located in mitochondria. 
C-terminal FLAG-MYC-tagged CHCHD10 or N-terminal 
HA-FLAG-tagged CHCHD10 showed similar distribution as 
non-tagged CHCHD10 (Figures S2P-Q), suggesting 
CHCHD10 was more cytosolic than CHCHD2 and small 

tags at N or C terminus of CHCHD10 did not affect its 
cellular distribution. To further test if N- or C-terminal tags 
affected CHCHD2 or CHCHD10 localization, we constructed 
CHCHD2 and CHCHD10 plasmids with a large SNAP-tag, 
19.4 kDa (Figures S2L, O) at either N or C terminus. SNAP- 
fused proteins expressed in cells can be labeled by brief 
extracellular application of a fluorescently labeled SNAP 
ligand. A positive control of SNAP system, SNAP-COX8A 
(cytochrome c oxidase subunit 8A), an integral protein of 
the mitochondrial inner membrane, was in mitochondria 
[64] (Figure S3A), while SNAP alone was in cytosol (Figure 
S3B). Labeled with fluorescent SNAP ligand, both SNAP- 
CHCHD2 and CHCHD2-SNAP were mostly in the cytosol 
with little in mitochondria (Figures S3C-D). Similar results 
were observed in SNAP-CHCHD10 and CHCHD10-SNAP 
(Figures S3E-F), suggesting large tags such as SNAP-tag, at 
the N or C terminus of CHCHD2 or CHCHD10, abolished 
mitochondrial targeting. C-terminal SNAP-tagged PARK7/ 
DJ-1 (Parkinson disease (autosomal recessive, early 
onset) 7), a mitochondrial protein involved in PD [65], was 
also in the cytosol (Figures S3G). Taken together, both N and 
C termini of CHCHD2 and CHCHD10 contributed to their 
mitochondrial localization. We then examined if CHCHD2 
and CHCHD10 underwent degradation via autophagy- 
lysosome pathway, which occurs in the cytosol. To visualize 
if CHCHD2 or CHCHD10 accumulated in lysosomes, we 
used SNAP-tag system. SNAP-tag covalently binds to a red 
fluorescent tetramethylrhodamine (TMR) SNAP ligand in cell 
organelles with neutral pH (cytosol and nucleus) but does not 
do so in the acidic lysosomes, suggesting only extralysosomal 
proteins are labeled by a fluorescent SNAP ligand. However, 
after SNAP-fused proteins are fluorescently labeled in the 
cytosol and translocated to lysosomes with further cell culture, 
TMR continues to fluoresce in acid lysosomes (Figure 1(F)) 
[66]. As a positive control of autophagy-lysosome degrada
tion, we monitored the translocation of PARK7/DJ-1, an 
autophagy substrate [65], from cytosol to LAMP1-positive 
lysosomes, while SNAP showed little colocalization with 
LAMP1 (Figure 1(G)). Using this labeling method, CHCHD2- 
SNAP and CHCHD10-SNAP were translocated from the 
cytosol (Figures S3C, E) to concentrated irregular puncta 
colocalizing with lysosome marker LAMP1 (Figure 1(G)) or 
LAMP2A (lysosomal-associated membrane protein 2A) 
(Figure S3H). CHCHD2-SNAP and CHCHD10-SNAP under
went degradation (Figure S3I). These results suggested 
CHCHD2-SNAP and CHCHD10-SNAP can be transported 
to lysosomes for degradation. We further tested if there was 
lysosomal accumulation of CHCHD10Q108P-SNAP, as 
CHCHD10Q108P was cytosolic (Figure S2E). CHCHD10Q108P- 
SNAP was translocated from the cytosol to puncta, colocaliz
ing with LAMP1 (Figure S3J), similar as WT CHCHD10- 
SNAP (Figure 1(G)). To experimentally test the presence of 
cytosolic CHCHD2 and CHCHD10, we employed subcellular 
fractionation to obtain cytosolic and mitochondrial fractions.

nutrient deprivation by EBSS for 5 h or serum starvation for 24 h. (D) Western blot analysis of HeLa cells treated with autophagy inhibitors wortmannin (wort) and 
lysosome inhibitor chloroquine (CQ) for 3 h. (E) Western blot analysis of SK-N-SH cells treated with lysosome inhibitors bafA1 at 200 or 400 ng/ml. (F) The labelling 
strategy of CHCHD2-SNAP or CHCHD10-SNAP by SNAP-Cell® TMR-Star. D2, CHCHD2. (G) Confocal imaging of CHCHD2 or CHCHD10, labelled with SNAP-Cell® TMR-Star 
(red) and endogenous LAMP1 (green), using the labelling strategy showed in F. SNAP only, negative control. PARK7-SNAP, positive control. Scale bar: 10 µm.
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Proteins in cytosolic fraction were concentrated by TCA (tri
chloroacetic acid) precipitation and redissolved. 
Mitochondrial markers including TOMM20 (mitochondrial 
outer membrane protein), TIMM50 (mitochondrial inner 
membrane protein), COX4I1 (mitochondrial inner membrane 
protein), and PDH (pyruvate dehydrogenase; mitochondrial 
matrix protein) showed enrichment in mitochondrial fraction 
but not cytosolic fraction. As current mitochondria extraction 
methods usually extract mitochondria accompanied with ER, 
Golgi and other membrane structures associated to mitochon
dria, cytosol marker ACTB is always seen in mitochondrial 
fraction. With such fractionation, CHCHD2 and CHCHD10 
were present in the cytosol and mitochondria (Figures S3K- 
L). C1QBP showed similarly, enriched in mitochondria but 
also was present in cytosol.

With CHCHD2-SNAP colocalizing with LAMP2A (Figure 
S3H), the key mediator of CMA, we asked if CHCHD2 was 
a substrate of chaperone-mediated autophagy (CMA). CMA 
substrates bound to chaperone HSPA8/HSC70 (heat shock 
protein family A (Hsp70) member 8) and were then sent to 
lysosomes for degradation [67]. We identified 2 putative 
HSPA8 binding motifs KFERQ in CHCHD2, near disease- 
related CHCHD2Q126X and CHCHD2R145Q (Figures S4A). 
WT CHCHD2 and CHCHD2T61I bound to HSPA8 (Figure 
S4B). CHCHD2Q126X, which lost its C terminus including the 
2nd putative HSPA8 binding motif KEFRQ, showed reduced 
binding to HSPA8. CHCHD2R145Q, showed a reduced binding 
to HSPA8 (Figure S4B). Transient knockdown of LAMP2A 
with 3 isoform-specific siRNAs did not enhance CHCHD2 or 
CHCHD10 (Figure S4C). LAMP2A overexpression did not 
reduce CHCHD2 (Figure S4D). CMA-specific inhibitor AR- 
7 [68] seemed not to affect CHCHD2 or CHCHD10 (Figure 
S4E). Thus, it is unlikely that CHCHD2 was a substrate of 
CMA even CHCHD2 bound to HSPA8.

CHCHD2, CHCHD10 and C1QBP independently associated 
with ATG8s

CHCHD2 binds to CHCHD2, CHCHD10 and C1QBP, while 
CHCHD10 forms homodimer and C1QBP forms trimer [69], 
indicating CHCHD2 and CHCHD10 are parts of a large pro
tein complex. In order to search for novel interactors of 
CHCHD2 and CHCHD10 which explain their roles in auto
phagy-lysosome pathway, we prepared bacterial purified GST- 
CHCHD2 and GST-CHCHD10 proteins with purity > 95% 
(Figure S5A). GST-CHCHD2 and GST-CHCHD10 pulled 
down endogenous CHCHD2, CHCHD10 and C1QBP 
(Figure S5B), suggesting purified GST-CHCHD2 and GST- 
CHCHD10 protein folded properly so that they interacted 
with their known partners. We used GST-CHCHD2 and 
GST-CHCHD10 as baits to search for novel binding partners 
by mass spectrometry. One peptide from GABARAP was 
captured using GST-CHCHD10 as bait (Figure 2(A)). 
GABARAP is a member of ATG8 family, including 
MAP1LC3A/LC3A, MAP1LC3B/LC3B, MAP1LC3C/LC3C, 
GABARAP, GABARAPL1 (GABA type A receptor- 
associated protein like 1) and GABARAPL2 (GABA type 
A receptor associated- protein like 2) [70]. To confirm 
a direct ATG8-CHCHD10 interaction, we carried out 

in vitro protein-protein interaction assays with purified 
recombinant proteins of GST- or His-tagged CHCHD10, 
CHCHD2 and C1QBP, along with His- or GST-tagged 
ATG8s (Figure 2(B-D), S5C-D). His-CHCHD10 bound to 
ATG8s, with a preference for GABARAPL1 and 
GABARAPL2 (Figure 2(B)). Meanwhile, a weak interaction 
between His-CHCHD2 and GST-GABARAPL1 or GST- 
GABARAPL2 was seen (Figure 2(C)). Unexpectedly, His- 
C1QBP protein bound to ATG8s strongly, with a preference 
for GABARAP, GABARAPL1 and GABARAPL2 (Figure 2 
(D)). In reverse, His-GABARAP was pulled down strongly 
by GST-C1QBP, and slightly weaker by GST-CHCHD10 but 
not GST or GST-CHCHD2 (Figure 2(E)). His-GABARAPL1 
(Figure 2F) and His-GABARAPL2 (Figure 2(G)) was pulled 
down strongly by GST-C1QBP, by GST-CHCHD10, very 
weakly by GST-CHCHD2 but not GST. This was consistent 
with Figure 2(B-D). Collectively, CHCHD2, CHCHD10 and 
C1QBP bound to ATG8s directly in vitro, with a preference 
for GABARAPs. Among CHCHD2, CHCHD10 and C1QBP, 
C1QBP bound to ATG8s most strongly, while CHCHD10 
bound to ATG8s stronger than CHCHD2.

Potential binding motifs in CHCHD2-CHCHD10-C1QBP 
with ATG8

We mapped binding region(s) of ATG8s in CHCHD2, 
CHCHD10 and C1QBP. ATG8s bind to their targets via LC3- 
interacting Region (LIR) with a consensus sequence W/Y/ 
F-x-x-L/I/V [70] (Figure 3(A)). CHCHD2 and CHCHD10 
(151 and 142 aa) were predicted with 3 α-helices: α1 at the 
N terminus and α2-3 in 2 CX9C motifs (CHCH domain) at 
the C terminus (Figure 3(C,E)) [71,72]. We identified 
a potential LIR region, 137FNEV140, in CHCHD2-α3 
(Figure 3(A-C)), a potential LIR, 135YHGL138, immediately 
after CHCHD10-α3 (Figure 3(A,B,E)), and 2 potential LIRs in 
C1QBP (Figure 3(A,G)). We constructed and purified GST- 
CHCHD2, GST-CHCHD10 and GST-C1QBP mutants to pull 
down endogenous proteins in cell lysates (Figure 3(C-H)). 
CHCHD2 or CHCHD10 mutants, which lost a partial 
CHCH domain, were not as stable as their full-length protein 
when expressed in bacteria (Figure 3(D,F)).

GST-CHCHD2-WT, but not GST, pulled down endogen
ous CHCHD2, CHCHD10 and C1QBP and GABARAPL1 
(Figure 3(C,D)). GST-CHCHD2Q126X, lacking the potential 
LIR 137FNEV140, pulled down less GABARAPL1 than GST- 
CHCHD2-WT. However, GST-CHCHD2R145X, with an intact 
potential LIR 137FNEV140, also pulled down less 
GABARAPL1 than GST-CHCHD2-WT (Figure 3(C,D)), sug
gesting the potential LIR of CHCHD2, 137FNEV140, did not 
contribute to CHCHD2-ATG8 interaction; instead, 
C-terminal 7 aa, 145–151 of CHCHD2, mediated CHCHD2- 
ATG8 interaction (Figure 3(B)). GST-CHCHD2G149X, lacking 
the last 3 aa, bound to GABARAPL1, suggesting 145RLAN148 
in CHCHD2, mediated CHCHD2-ATG8 interaction (Figure 3 
(B-D)). 145RLAN148 was also important for CHCHD2 and 
CHCHD10 interaction (Figure 3(C,D)), suggesting ATG8 
contributed to CHCHD2-CHCHD10 and CHCHD2- 
CHCHD2 interaction. Meanwhile, all CHCHD2 C-terminal 
truncation mutants pulled down C1QBP (Figure 3(C,D)),
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Figure 2. CHCHD2, CHCHD10 and C1QBP associated with ATG8s, individually. (A) GST, GST-CHCHD2 and GST-CHCHD10 pulled down SK-N-SH lysates. Proteins were 
separated in SDS-PAGE gel and subject to Coomassie Brilliant Blue staining. The protein gels were analyzed by LC-MS/MS. A peptide from GABARAP were identified. 
(B-D) His-CHCHD10 (B), His-CHCHD2 (C) and His-C1QBP (D) proteins pulled down by GST and GST-ATG8s. (E-G) His-GABARAP (E), His-GABARAPL1 (F) and His- 
GABARAPL2 (G) proteins pulled down by GST, GST-CHCHD2, GST-CHCHD10 and GST-C1QBP.
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Figure 3. Potential ATG8 binding motifs were identified in CHCHD2, CHCHD10 and C1QBP. (A) Putative LC3-interacting motifs (LIRs) composing of canonical W/F/ 
Y-x-x-L/I/V in CHCHD2, CHCHD10 and C1QBP, with a known LIR from ULK1. (B) Sequence of the C termini of CHCHD2 and CHCHD10. Conserved cysteine (C) in CX9 

C motif was in blue. Amino acids involving in human patients were in green. The putative LIRs of CHCHD2 and CHCHD10, were labelled in red rectangles. Amino 
acids subjected to mutation were labelled. (C) Illustration of CHCHD2 mutations in 3 α-helices (α1, α2 and α3). α2-3 is the CHCH domain. The putative LIR, 
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suggesting the N terminus of CHCHD2 mediated CHCHD2- 
C1QBP interaction.

GST-CHCHD10-WT, but not GST, pulled down 
CHCHD2, CHCHD10, C1QBP and GABARAPL2 (Figure 3 
(E,F)). GST-CHCHD10Q108X and GST-CHCHD10Q131X, lack
ing most or half the of CHCH domain, lost substantial bind
ing to CHCHD10 (Figure 3(B,E,F)), suggesting CHCH 
domain in CHCHD10 was essential for CHCHD10- 
CHCHD10 interaction. GST-CHCHD10Y134X, lacking the 
last 8 aa including the potential LIR 135YHGL138 (Figure 3 
(B)), still pulled down CHCHD2 and CHCHD10, but reduced 
GABARAPL2 interaction (Figure 3(E,F)). GST- 
CHCHD10∆GL, deleting 137GL138 in 135YHGL138, also 
reduced GABARAPL2 interaction, suggesting 135YHGL138 
in CHCHD10 mediated CHCHD10-ATG8 interaction. 
Meanwhile, all CHCHD10 C-terminal truncation mutants 
pulled down C1QBP (Figure 3(E,F)), suggesting N-terminal 
CHCHD10 maintained C1QBP-CHCHD10 interaction.

GST-C1QBP pulled down endogenous CHCHD2, 
CHCHD10 and C1QBP. However, GST-C1QBP bound to 
little endogenous GABARAPL1 (Figure 3(G,H)), even with 
a strong C1QBP-GABARAPL1 interaction in vitro (Figure 2 
(F)). A possible explanation is that GABARAPL1 in lysates 
was not easily accessed by GST-C1QBP due to some steric 
hindrance. With little ATG8 pulled down by GST-C1QBP, it 
is hard to tell if potential LIRs of C1QBP contributed to 
C1QBP-ATG8 interaction (Figure 3(G,H)). Unexpectedly, 
C1QBP-D2 or C1QBP-DD, with mutations in 236YDHL239 
of C1QBP, totally lost the binding of CHCHD10, but not 
CHCHD2 (Figure 3(G,H)), suggesting the 2nd potential LIR 
236YDHL239 of C1QBP mediated C1QBP-CHCHD10 
interaction.

Collectively, 145RLAN148 in CHCHD2 was important 
for CHCHD2-ATG8 interaction. 135YHGL138 in 
CHCHD10 contributed to CHCHD10-ATG8 interaction. 
236YDHL239 in C1QBP contributed to C1QBP- 
CHCHD10 interaction. GST affinity-isolation assays 
revealed a large protein complex of CHCHD2-CHCHD10- 
C1QBP-ATG8s and suggested ATG8s were incorporated in 
CHCHD2-CHCHD10-C1QBP interaction. To comprehen
sively examine the assembly of CHCHD2-CHCHD10- 
C1QBP-ATG8 complex, we had to use in vitro protein- 
protein interaction assays.

Molecular architecture of CHCHD2-CHCHD10-C1QBP

We investigated how CHCHD2 and CHCHD10 bound to 
C1QBP and how CHCHD2 and CHCHD10 formed homo- 
or heterodimer. Based on Figure 3(C,E), we constructed and 
purified the N-terminal (α1) and C-terminal (α2–3) 

fragments of CHCHD2 (CHCHD2-N: 1–89 aa, CHCHD2- 
C: 90–151 aa) and CHCHD10 (CHCHD10-N: 1–82 aa, 
CHCHD10-C: 83–141 aa) (Figure 4(A)). Firstly, we investi
gated how CHCHD2 and CHCHD10 bound to C1QBP. His- 
C1QBP was bound to GST-CHCHD2-N, but not to GST- 
CHCHD2-C or GST (Figure 4(B)). Likewise, GST- 
CHCHD10-N, but not GST-CHCHD10-C or GST, bound 
to His-C1QBP (Figure 4(B)). Those data showed N termini 
of CHCHD2 and CHCHD10 bound to C1QBP, consistent 
with Figure 3(D,F).

We examined how CHCHD2 and CHCHD10 formed 
homo- or heterodimer. Protein dimer prediction algorithm 
PREDDIMER [73] suggested both N- and C-terminal 
CHCHD2 and CHCHD10 formed homo- or heterodimer 
(Figures S5E-F). GST-CHCHD2-N bound to His-CHCHD2 
but not to GST-CHCHD2-C or GST (Figure S5G), suggesting 
CHCHD2 homodimer relied on its N terminus. GST- 
CHCHD2-C, but not GST-CHCHD2-N or GST, bound to 
His-CHCHD10 (Figure S5H), suggesting CHCHD2- 
CHCHD10 interaction was via the C terminus of 
CHCHD2. Both GST-CHCHD10-N and GST-CHCHD10-C 
bound to His-CHCHD2 weakly (Figure S5I). GST- 
CHCHD10-C bound to His-CHCHD10 stronger than GST- 
CHCHD10-N (Figure S5J), suggesting 
CHCHD10 homodimer mostly formed via C terminus of 
CHCHD10. Notably, CHCHD2 or CHCHD10 homo- or 
heterodimer interaction was much weaker than CHCHD2- 
C1QBP or CHCHD10-C1QBP interaction (Figure 4(B)), sup
porting C1QBP functioned as a scaffold to bring CHCHD2 
and CHCHD10 together, and suggesting C1QBP promoted 
the formation of CHCHD2 or CHCHD10 dimer. There were 
CHCHD10 dimer and hints of tetramer pulled down by 
GST-C1QBP but not in input (Figure S5K), suggesting 
C1QBP promoted CHCHD10 dimer or oligomer formation 
(Figure S5L).

Molecular architecture of CHCHD2-CHCHD10-C1QBP with 
the ATG8 complex

We investigated how ATG8s incorporated into CHCHD2- 
CHCHD10-C1QBP complex. GST affinity-isolation assays 
using cell lysates suggested ATG8s bound to C terminus of 
CHCHD2 and CHCHD10 (Figure 3). By using purified pro
teins, both GST-CHCHD2-N and GST-CHCHD2-C, but not 
GST, bound to His-GABARAPL1 (Figure 4(C)) and His- 
GABARAPL2 (Figure 4(L)). Likewise, both GST-CHCHD10 
-N and GST-CHCHD10-C, but not GST, bound to His- 
GABARAP (Figure 4(D)), His-GABARAPL1 (Figure S6A) 
and His-GABARAPL2 (Figure 4(E)), suggesting there could 
be 2 ATG8 molecules binding to N- and C-terminal

137FNEV140, is in α3. (D) GST, GST-CHCHD2 WT and GST-CHCHD2 mutants pulled down SK-N-SH lysates. Ponceau S staining showed the loading of GST proteins. 
*unspecific band. (E) Illustration of CHCHD10 mutations in 3 α-helices (α1, α2 and α3). α2–3 is the CHCH domain. The putative LIR, 135YHGL138, is after α3. D10-∆GL, 
137GL138 were deleted in 135YHGL138. (F) GST, GST-CHCHD10 WT and GST-CHCHD10 mutants pulled down HeLa lysates. (G) Illustration of putative LIRs and 
mutations in C1QBP. 43FGLL46 and 236YDHL239 were showed in black. C1QBP-D1, 43FGLL46 mutated to 43AALL46. C1QBP-D2, 236YDHL239 mutated to 
236AAHL239. C1QBP-DD, double mutations 43AALL46 + 236AAHL239. (H) GST, GST-C1QBP WT and GST-C1QBP mutants pulled down SK-N-SH lysates.
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Figure 4. ATG8s assembled in CHCHD2-CHCHD10-C1QBP complex. (A) Illustration of GST-CHCHD2 and GST-CHCHD10 fragments. CHCHD2-N and CHCHD10-N contain 
α1. CHCHD2-C and CHCHD10-C contain α2 and α3. (B) In vitro affinity isolation of His-C1QBP protein by GST, GST-CHCHD2, GST-CHCHD2-N (1-89) and GST-CHCHD2-C 
(90-151) proteins, or by GST, GST-CHCHD10, GST-CHCHD10-N (1-82) and GST-CHCHD10-C (83-142) proteins. (C) In vitro affinity isolation of His-GABARAPL1 by GST, 
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CHCHD2 or CHCHD10 simultaneously. However, there is no 
predicted LIR in the N terminus of CHCHD2 or CHCHD10 
but only one in the C terminus (Figure 3(A)). A potential 
homo- or heterodimer interface [74] formed by the N termini 
of CHCHD2 and CHCHD10 when binding to C1QBP, could 
mediate the interaction between the N-terminal CHCHD2 
and CHCHD10 with ATG8s.

We tested how ATG8s bound to C1QBP in vitro. Mutations 
in potential LIRs in C1QBP, C1QBP-D2 (236AAHL239), and 
C1QBP-DD (43AALL46 + 236AAHL239), showed reduced 
binding to His-GABARAPL1 (Figure 4(F)), His-GABARAPL2 
(Figure 4(G)), and His-GABARAP (Figure S6B), suggesting 
both putative LIRs in C1QBP mediated C1QBP-ATG8 inter
action, and the 2nd LIR, 236YDHL239, contributed more. All 
C1QBP mutants (C1QBP-D1, C1QBP-D2 and C1QBP-DD) 
did not change C1QBP-CHCHD2 interaction (Figure S6C), 
but C1QBP-D2 pulled down less CHCHD10 monomer or 
dimer (Figure 4(H)). Such results suggested C1QBP 
236YDHL239 facilitated both CHCHD10-C1QBP and ATG8- 
C1QBP interaction, i.e. CHCHD10 binding site in C1QBP 
overlapped with or was adjacent to ATG8 binding sites in 
C1QBP. X-ray crystal structure of C1QBP protein (74-282 aa 
including 2nd LIR motif 236YDHL239) showed a C1QBP tri
mer (Figure 4(I)) in which 1-73 aa, including 1st LIR motif 
43FGLL46, was unstructured [69]. 236YDHL239 in C1QBP, 
the binding site for CHCHD10 and ATG8, is at the edge of 
prism of C1QBP trimer (Figure 4(I)). Collectively, N termini of 
CHCHD2 and CHCHD10 with ATG8s bound to C1QBP, 
while C termini of CHCHD2 and CHCHD10 could bind 
another ATG8s (Figure 4(J)).

Many neurodegeneration-causing CHCHD2 or CHCHD10 
mutations are located at N-terminal α1 (Figure 3(C,E)) [63,72]. 
We asked whether those mutations affected protein-protein inter
actions. We constructed and purified GST-CHCHD2-NT61I based 
on GST-CHCHD2-N (Figure 4(A)), GST-CHCHD10-NP34S and 
GST-CHCHD10-NS59L using GST-CHCHD10-N (Figure 4(A)). 
GST-CHCHD2-N and GST-CHCHD2-NT61I bound to His- 
C1QBP with similar affinity (Figure S6D). GST-CHCHD10-N, 
GST-CHCHD10-NP34S and GST-CHCHD10-NS59L bound to 
His-C1QBP with similar affinity (Figure S6E). Compared to GST- 
CHCHD10-N, GST-CHCHD10-NP34S bound less to His- 
GABARAPL2, while GST-CHCHD10-NS59L bound more to His- 
GABARAPL2 (Figure 4(K)). Compared to GST-CHCHD2-N, 
GST-CHCHD2-NT61I showed enhanced binding to His- 
GABARAPL2 (Figure 4(L)). Collectively, N-terminal disease- 
causing CHCHD2 or CHCHD10 mutants indeed varied ATG8 
interaction but did not disrupt CHCHD2-CHCHD10-C1QBP- 
ATG8 complex as they still bound to C1QBP via the N terminus, 
and to CHCHD10 and CHCHD2 via the C terminus.

CHCHD2 and CHCHD10 were degraded via ATG8s

CHCHD2, CHCHD10 and C1QBP protein are enriched in mito
chondria but can also be present in the cytosol. ATG8s are present 
mostly in the cytosol and sometimes in mitochondria [75]. We 
wondered if there was colocalization of CHCHD2 and CHCHD10 
with ATG8s and the biological consequence of such interaction. 
We overexpressed GFP-GABARAPL1 with CHCHD2, 
CHCHD10 or C1QBP. GFP-GABARAPL1 was cytosolic forming 
puncta. CHCHD2, CHCHD10 or C1QBP was near GFP- 
GABARAPL1 puncta (Figure 5(A-C)). Endogenous CHCHD2, 
CHCHD10 or C1QBP showed similarly, near GFP-GABARAPL1 
puncta (Figure S7A). CHCHD2 and CHCHD10 located alongside 
overexpressed GFP-GABARAP or GABARAPL2 puncta, coloca
lizing with lysosomal marker LAMP1 (Figures S7B-G), suggesting 
CHCHD2 and CHCHD10 underwent degradation via 
GABARAPs. To test this, we overexpressed GFP-GABARAPs. 
Endogenous CHCHD2 and CHCHD10 were reduced upon 
GABARAPs expression, and such reduction was inhibited by 
lysosome inhibitor bafA1 (Figure 5(D)), suggesting GABARAPs 
degraded CHCHD2 and CHCHD10 via lysosomes. As CHCHD2 
and CHCHD10 decayed fast (Figure 1(A)), we wondered if the 
decay of CHCHD2 and CHCHD10 could be slowed down if they 
bound less to GABARAPs via their C termini. CHCHD2R145Q or 
CHCHD10∆GL, with reduced ATG8 binding (Figure 3(D,F)), 
decayed slower than their WT (Figure 5(E,F)). We also tested 
other disease-associated CHCHD2 and CHCHD10 mutants. 
CHCHD2T61I, CHCHD10S59L and CHCHD10G58R, all showed 
an enhanced half-life compared to their WT (Figures S7H-I). To 
further investigate the autophagic degradation of CHCHD2 and 
CHCHD10, we transiently knocked down ATG5 (autophagy 
related 5) or ATG7, two key players in canonical lipid conjugation 
machinery of macroautophagy [76]. CHCHD2 or CHCHD10 was 
either unchanged or reduced upon ATG5 or ATG7 knockdown 
(Figure 5(G)), suggesting ATG5- or ATG7-mediated ATG8 lipi
dation may not be required for the autophagic degradation of 
CHCHD2 or CHCHD10. CHX (cycloheximide)-based protein 
turnover assay also showed ATG5 or ATG7 knockdown did not 
reduce the degradation rate of CHCHD2 or CHCHD10 (Figure 
S7J). Collectively, GABARAPs bound to CHCHD2 and 
CHCHD10, caused ATG5- and ATG7-independent autophagic 
degradation of CHCHD2 and CHCHD10.

PD-linked CHCHD2T61I forms aggregates [47,77]. As 
CHCHD2T61I binds to ATG8s, we wondered if CHCHD2T61I 

was present in lysosomes. We constructed CRISPR (clustered 
regularly interspaced short palindromic repeats)-edited 
CHCHD2−/− and CHCHD2T61I hESCs (human embryonic stem

GST-CHCHD2, GST-CHCHD2-N and GST-CHCHD2-C. (D-E) In vitro affinity isolation of His-GABARAP (D) and His-GABARAPL2 (E) by GST, GST-CHCHD10, GST-CHCHD10-N 
and GST-CHCHD10-C. (F-H) in vitro affinity isolation of His-GABARAPL1 (F), His-GABARAPL2 (G), His-CHCHD10 (H) by GST-C1QBP WT or mutants, as illustrated in 
Figure 3G. (I) The illustration of the 2nd LIRs in crystal structure of C1QBP (74-282 aa). PDB ID code: 1p32. Pink circles, LIR 236YDHL239. (J) Schematic illustration of 
CHCHD2-CHCHD10-C1QBP-ATG8 complex. ATG8 bound to the edge of C1QBP trimer. CHCHD10 bound to the same or nearby region. Another ATG8, bound to 
C termini of CHCHD2 and CHCHD10. D2, CHCHD2; D10, CHCHD10. (K-L) In vitro affinity isolation of His-GABARAPL2 proteins by GST-CHCHD10, GST-CHCHD10-N. GST- 
CHCHD10-NP34S, GST-CHCHD10-NS59L (K) or GST-CHCHD2, GST-CHCHD2-C, GST-CHCHD2-N and GST-CHCHD2-NT61I (L).
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Figure 5. CHCHD2 and CHCHD10 were degraded via ATG8s. (A-C) Confocal imaging of GFP-GABARAPL1 with CHCHD2-FLAG-MYC (red) (A), CHCHD10-FLAG-MYC (red) 
(B), C1QBP-FLAG-MYC (red) (C) and TOMM20 (purple) in SK-N-SH cells. Scale bar: 10 µm. (D) Western blot analysis on HeLa cells transfected with GFP-GABARAPs for 
24 h. Cells were treated with 200 ng/ml bafA1 for 5 h. Vec, GFP vector; AP, GFP-GABARAP; L1, GFP-GABARAPL1; L2, GFP-GABARAPL2. Quantification of CHCHD2 and 
CHCHD10 normalized with ACTB. n = 4. (E) Western blot analysis on SK-N-SH cells transfected with non-tagged-CHCHD2-WT or CHCHD2R145Q followed by 50 µg/ml 
CHX treatment. Quantification of CHCHD2 normalized with ACTB were shown. n = 3. (F) Western blot analysis on SK-N-SH cells transfected with non-tagged-CHCHD10 
-WT or CHCHD10∆GL followed by 50 µg/ml CHX treatment. Quantification of CHCHD10 normalized with ACTB were shown. n = 4. (G) Western blot analysis on 
transient knockdown of ATG5 or ATG7 for 48 h in SK-N-SH cells. Quantification of CHCHD2 normalized with ACTB was shown. n = 3.
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cells) and generated human midbrain-like organoids (hMLOs) 
from those lines (Figures S8A-B). These hMLOs contained 
MAP2-positive neurons with midbrain dopaminergic (DA) neu
ron identity (TH [tyrosine hydroxylase]), NR4A2/NURR1, 
PITX3) with no gross defects (Figures S8C-D). In CRISPR- 
edited CHCHD2T61I DA neurons, CHCHD2T61I colocalized 
with lysosome marker LAMP1 (Figure S8E). However, when 
transiently overexpressed in cells, CHCHD2T61I, similar as 
CHCHD2 WT, was adjacent to the puncta of GFP- 
GABARAPL1 and LAMP1 but did not colocalize with LAMP1 
(Figure S8F), suggesting CHCHD2T61I colocalizing with lyso
somes only occurred under chronic conditions, but not transi
ently. Moreover, transient overexpression of CHCHD2T61I, but 
not CHCHD2 WT, led to protein aggregates shown by 
PROTEOSTAT® Dye (a commercially available protein aggrega
tion assay) staining under the treatment of lysosome inhibitor 
bafA1 but not dimethyl sulfoxide (DMSO) (Figure S8G). Similar 
results on CHCHD10 WT and CHCHD10S59L were observed 
(Figures S8H-I), suggesting protein aggregates caused by 
CHCHD2 or CHCHD10 mutants build up over time or under 
environmental stress such as inhibition of lysosomes.

CHCHD2 and CHCHD10 recruited ULK1 via ATG8s

ATG8 forms the central axis of autophagy by binding many 
autophagy proteins. We hypothesized GABARAPs, binding to 
the C termini of CHCHD2 and CHCHD10, may recruit some 
other ATG8-binding proteins (Figure 4(J)). GST affinity- 
isolation assay showed GST-CHCHD2 and GST-CHCHD10, 
but not GST, pulled down ULK1 (unc-51 like kinase 1), 
a master kinase of autophagy initiation [78] (Figure 6(A)). 
Bacterial-expressed C1QBP, however, did not pull down 
ULK1 (Figure 6(A)), even it pulled down CHCHD2 and 
CHCHD10 strongly (Figure 3(H)). ULK1 complexes with 
RB1CC1/FIP200 (RB1-inducible coiled-coil 1), ATG13 (auto
phagy related 13) and ATG101 to initiate autophagy [78]. 
RB1CC1 was pulled down by GST-CHCHD10 (Figure 6(A)), 
while ATG13 or ATG101 was not (Figure 6(A)). Co- 
immunoprecipitation assay showed ULK1 pulled down 
a small portion of endogenous CHCHD2 and CHCHD10, 
but little C1QBP (Figure 6(B)). RB1CC1 pulled down 
ATG13, some CHCHD2, hints of CHCHD10 and C1QBP 
(Figure S9A). Reverse co-immunoprecipitation assay showed 
CHCHD2, however, bound to little ULK1 or RB1CC1 even it 
strongly interacted with CHCHD10, CHCHD2 and C1QBP 
(Figure 6B). Similarly, CHCHD10 pulled down little ULK1 or 
RB1CC1 (Figure S9B).

To confirm CHCHD2-CHCHD10-ULK1 interaction was 
mediated by ATG8s bound to the C termini of CHCHD2 
and CHCHD10, we carried out GST affinity-isolation assay 
with CHCHD2 or CHCHD10 mutants. CHCHD2Q126X or 
CHCHD2R145Q which reduced ATG8 binding (Figure 3(D)), 
lost or reduced ULK1 interaction but still bound to C1QBP 
(Figure 6(C)). CHCHD10Q108X or CHCHD10Q131X, 
C-terminal truncation mutations of CHCHD10 losing most 
ATG8 binding (Figure 3(F)), cannot pull down ULK1 
(Figure 6(D)) but still bound to C1QBP. Those results evi
denced CHCHD2-CHCHD10-ULK1 interaction was 

mediated by ATG8s bound to CHCHD2 or CHCHD10 but 
not C1QBP.

We investigated if CHCHD2, CHCHD10 and C1QBP colo
calized with ULK1. HA-ULK1 showed little colocalization 
with mitochondrial CHCHD2, CHCHD10 and C1QBP, but 
torin1 treatment caused some ULK1 signal overlapping with 
CHCHD2, CHCHD10 or C1QBP (Figure 6(E)), suggesting 
CHCHD2-CHCHD10-ULK1 interaction could be regulated 
by upstream signals. Overexpression of GFP-GABARAPL1, 
HA-ULK1 with CHCHD2 or CHCHD10 showed GFP- 
GABARAPL1 and HA-ULK1 were in adjacent puncta while 
CHCHD2 or CHCHD10 was absent from GFP-GABARAPL1 
and HA-ULK1 signal (Figures S9C-F), consistent with 
Figure 5. As ULK1 initiates autophagy, we asked if ULK1 
promoted degradation of CHCHD2 or CHCHD10. 
Overexpression of ULK1 or kinase-dead ULK1K46N [79], did 
not change CHCHD2 or CHCHD10 (Figure 6(F)). ULK1 
activator BL-918 or ULK1 inhibitor SBI-0206965 did not 
change CHCHD2 or CHCHD10 as expected (Figure 6(G)), 
suggesting some other ATG8 binding proteins but not ULK1, 
degrade CHCHD2 and CHCHD10.

CHCHD2 and CHCHD10 promoted autophagy

ULK1-GABARAPs interaction promotes autophagy, while 
ULK1-MAP1LC3s interaction inhibits autophagy [80]. With 
CHCHD2 and CHCHD10 preferentially interacting with 
GABARAPs and ULK1, we asked if CHCHD2 and 
CHCHD10 promoted autophagy. We carried out an autopha
gy flux assay. CHCHD2 knockdown enhanced SQSTM1/p62 
(sequestosome 1). siCHCHD2 reduced MAP1LC3-II upon 
EBSS compared to siCtrl, suggestive of a blocked autophagy 
flux (Figure 7(A)). We monitored the puncta formation of 
endogenous ATG13 upon autophagy initiation by EBSS upon 
CHCHD2 knockdown. ATG13 formed puncta upon EBSS 
treatment, an indicative of autophagosome formation 
(Figure 7(B)). However, ATG13 failed to form puncta in 
CHCHD2-knockdown cells upon EBSS, suggestive of impair
ment of autophagy initiation. Similar results were seen in cells 
transfected with siCHCHD2 with exogenous HA-ATG13 
(Figure S9G). To test this in neurons, we used CHCHD2T61I 

and CHCHD2-/- DA neurons derived from iPSCs (Figures 
S8C-D). We monitored the puncta formation of endogenous 
WIPI2 (WD repeat domain, phosphoinositide interacting 2) 
upon autophagy activation by torin1. Torin1 induced more 
WIPI2 puncta in WT DA neurons but failed to do so in 
CHCHD2T61I or CHCHD2-/- neurons (Figure 7(C)), indicating 
autophagic defects in CHCHD2T61I and CHCHD2-/- neurons. 
To further validate this, we carried out an autophagy flux 
assay on isogenic ESCs. Torin1 enhanced the autophagy flux 
in cells carrying WT CHCHD2 but failed to do so in cells 
carrying CHCHD2T61I or without CHCHD2 (Figure 7(D)). 
This result corroborated with Figure 7(C) to show autophagy 
defects in CHCHD2T61I and CHCHD2-/- cells.

T61I locates at the N terminus of CHCHD2, but 
CHCHD2 recruited ULK1 via its C terminus (Figure 6 
(C)), suggesting T61I in CHCHD2 did not directly interfere 
with CHCHD2-ULK1 interaction. GST-CHCHD2-NT61I 

(N-terminal fragment) showed stronger binding to
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Figure 6. CHCHD2 and CHCHD10 recruited ULK1 complex via ATG8s. (A) GST, GST-CHCHD2, GST-CHCHD10 and GST-C1QBP pulled down SK-N-SH lysates. (B) Co- 
immunoprecipitation of endogenous proteins by antibodies against ULK1 or CHCHD2 in SK-N-SH cells. Open arrow, CHCHD10. Black arrow, CHCHD2. *unspecific 
band. (C-D) GST, GST-CHCHD2-WT and GST-CHCHD2 mutants (C) or GST, GST-CHCHD10 WT and GST-CHCHD10 mutants (D) pulled down SK-N-SH lysates. (E) Confocal 
imaging of CHCHD2-FLAG-MYC, CHCHD10-FLAG-MYC, or C1QBP-FLAG-MYC (green), HA-ULK1 (red) upon 250 nM torin1 for 3 h. Mito, MitoTrackerTM Deep red. Scale 
bar: 10 µm. (F) Western blot analysis on SK-N-SH cells with overexpression of HA-ULK1 or HA-ULK1K46N for 24 h. (G) Western blot analysis on SK-N-SH cells treated 
with ULK1 activator BL-918 5 µM or ULK1 inhibitor SBI-0206965 10 µM for 24 h.
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Figure 7. CHCHD2 promoted autophagy. (A) Autophagy flux assay on HeLa cells with 48 h transfection of siControl or siCHCHD2. Cells were then treated with DMSO, 
bafA1, EBSS or bafA1+ EBSS for 2 h. SQSTM1/p62 and MAP1LC3-II levels were quantified by densitometry and plotted as mean ± S.D. of 3 independent experiments. 
Lower left: quantification of SQSTM1:ACTB. Unpaired t test, ***p = 0.0003. Lower right: quantification of MAP1LC3-II:ACTB. Ctrl refers to the basal change of bafA1: 
DMSO. EBSS refers to the change of bafA1:DMSO upon autophagy activation by EBSS. 2-way ANOVA, *p = 0.0454 (siCtrl vs siCHCHD2). (B) Confocal imaging of HeLa 
cells transiently transfected with siControl or siCHCHD2 for 48 h. Cells were then treated with EBSS for 5 h. Endogenous ATG13 or C1QBP was labelled with green or 
red. Scale bar: 10 µm. Quantification of puncta formed by ATG13. n ~ 100 cells per group. Unpaired t test, ns, p = 0.6418 (siCtrl vs siCHCHD2); *p = 0.0152 (siCtrl+EBSS 

14 Zhou W ET AL.



GABARAPL2 (Figure 4(L)) in vitro, suggesting 
CHCHD2T61I may make CHCHD2-CHCHD10-C1QBP- 
ATG8 complex tighter, therefore indirectly affected 
CHCHD2-ULK1 interaction. With iPSC-derived 
CHCHD2T61I dopaminergic neurons and hESCs exhibiting 
impaired autophagy initiation (Figure 7(C,D)), we won
dered how CHCHD2T61I affected its interaction with 
ULK1. To test this, we used in vitro-purified GST- 
CHCHD2 and GST-CHCHD2T61I (full length) protein to 
affinity-isolate components from cell lysates. GST- 
CHCHD2T61I did not impair CHCHD2-ULK1 interaction 
compared with GST-CHCHD2 as expected (Figure S9H). 
We then monitored CHCHD2-ULK1 interaction in iso
genic hESCs carrying CHCHD2 or CHCHD2T61I by using 
ULK1 antibody to pull down endogenous proteins (Figure 7 
(E)). Some reduction of CHCHD2-ULK1 interaction was 
seen in CHCHD2T61I line compared with CHCHD2 WT, 
suggesting an impairment of CHCHD2-ULK1 interaction 
caused by CHCHD2T61I in cells. ULK1 phosphorylates 
ATG14 (autophagy related 14) at Ser29 during autophagy. 
Phospho-ATG14 (Ser29) normalized with total ATG14 was 
reduced in cells carrying CHCHD2T61I compared with WT, 
suggesting of a reduction of ULK1 activity in CHCHD2T61I 

line (Figure 7(F)). Collectively, CHCHD2T61I slightly 
reduced CHCHD2-ULK1 interaction in cells, which could 
explain autophagic defects seen in cells carrying 
CHCHD2T61I.

Transiently overexpressed C-terminal FLAG-MYC-tagged 
CHCHD2, CHCHD10 or C1QBP reduced autophagy sub
strate SQSTM1 (Figure 8(A)). Overexpressed non-tagged 
CHCHD2 also reduced SQSTM1 and enhanced phospho- 
BECN/Beclin1 (Ser30) (Figure 8(B)), suggestive of autophagy 
activation, whereas MAP1LC3-II changed little. 
Overexpressed non-tagged CHCHD10 also reduced 
SQSTM1 (Figure 8(C)). When transiently overexpressing 
CHCHD2 or CHCHD10 mutants, endogenous SQSTM1 
was also reduced (Figure 8(B,C)). mCherry-ZFYVE1 
/DFCP1 (zinc finger FYVE-type containing 1) marks the 
formation of precursor of autophagosome, which forms 
puncta upon autophagy activation [81]. When co- 
overexpressing mCherry-ZFYVE1 with CHCHD2, 
CHCHD10 or C1QBP, some colocalization of mCherry- 
ZFYVE1 with CHCHD2 was observed. More mCherry- 
ZFYVE1 puncta were formed with overexpression of 
CHCHD2, CHCHD10 or C1QBP than control (Figure S9I). 
To corroborate the above finding, we constructed an auto
phagy reporter HeLa cell line expressing GFP-LC3-RFP- 
LC3∆G [82]. Autophagic flux can be estimated by calculating 
the GFP:RFP signal ratio, when the probe is cleaved by 

endogenous ATG4 proteases into equimolar amounts of 
GFP-LC3 and RFP-LC3∆G. GFP-LC3 is degraded by auto
phagy, while RFP-LC3∆G remains in the cytosol, serving as 
an internal control (Figure S9J). Using this probe, we found 
transiently overexpressed CHCHD2, CHCHD10 or C1QBP 
reduced GFP:RFP ratio, indicating an activation of autopha
gy. CHCHD2 knockdown enhanced GFP:RFP ratio, suggest
ing a blockage of autophagy-lysosome pathway (Figures 
S9K-L). Collectively, CHCHD2 and CHCHD10 promoted 
autophagosome formation and reduced SQSTM1. Impaired 
autophagy initiation was seen upon transient CHCHD2 
knockdown and in CHCHD2T61I or CHCHD2-/- DA neurons, 
pointing to a positive role of CHCHD2 in autophagy.

CHCHD2 promoted protein aggregate clearance

CHCHD2 and CHCHD10 mutations caused protein aggre
gates. With CHCHD2 and CHCHD10 promoting autophagy, 
we asked if CHCHD2 and CHCHD10 played a role in 
protein aggregate clearance. Transient puromycin treatment 
causes intracellular protein aggregates marked with UB, 
while no aggregates were observed in control cells [83,84]. 
Puromycin caused significantly more UB-positive puncta in 
cells transfected with siCHCHD2, siCHCHD10 or siC1QBP 
than siCtrl (Figure 8(D)). A reduced CHCHD2 signal 
reflected the positive transfection of siRNAs because 
siCHCHD2, siCHCHD10 or siC1QBP decreased endogenous 
CHCHD2 (Figure S9M). This result suggested CHCHD2, 
CHCHD10 and C1QBP may help to clear intracellular pro
tein aggregates. Some UB-positive puncta colocalized with 
endogenous CHCHD2 (Figure 8(D)). We then asked if 
CHCHD2 promoted degradation of pathological aggregates. 
Co-overexpression of CHCHD2, CHCHD10 or C1QBP in 
HeLa cells reduced delivered MAPT/Tau (microtubule asso
ciated protein tau) aggregates (Figure 8(E)) and aggregation- 
prone FUSP525L (FUS RNA binding protein) in the insoluble 
fractions (Figure 8(F)). SNCA/α-synuclein pre-formed fibril 
(PFF) delivered to cells formed SNCA aggregates, reflected 
as SNCA in the insoluble fraction [85]. Transiently over
expressed CHCHD2 reduced SNCA in the insoluble fraction 
in HeLa cells (Figure 8(G)), suggesting CHCHD2 reduced 
SNCA aggregates. We also used a stable GFP-SNCAA53T 

overexpressed HeLa line to see if CHCHD2 located near 
SNCA aggregates. When PFF was introduced, cytosolic GFP- 
SNCAA53T forms aggregates as green dots. Overexpressed 
CHCHD2, CHCHD10 or C1QBP located besides SNCA 
aggregates (Figure S9N). Lastly, we asked if CHCHD2 
reduced protein aggregates in vivo. We used a mouse 
model with PFF injected in the striatum with control or 
CHCHD2 virus (Figure 8(H)). In PFF-injected mice, SNCA

vs siCHCHD2+EBSS); *p = 0.0401 (siCtrl vs siCtrl+EBSS); ns, p = 0.9768 (siCHCHD2 vs siCHCHD2+EBSS). (C) Confocal imaging of dopaminergic neurons at day 60 derived 
from WT (H9), CHCHD2T61I and CHCHD2−/− lines. Neurons were treated with torin1 250 nM for 5 h. TH, tyrosine hydroxylase. Endogenous C1QBP and WIPI2 labelled as 
red and far-red. Scale bar: 10 µm. Quantification of puncta formed by WIPI2. n ~ 100 cells per group. Unpaired t test, WT-DMSO vs WT-torin1, **p = 0.0044; 
CHCHD2T61I-DMSO vs torin1, ns, p = 0.0573; CHCHD2−/−-DMSO vs torin1, ns, p = 0.1454; CHCHD2 WT-DMSO vs CHCHD2T61I-DMSO, *p = 0.0121; WT-DMSO vs CHCHD2−/ 

−-DMSO, *p = 0.0174; CHCHD2T61I-DMSO vs CHCHD2−/−-DMSO, ns, p = 0.3191; CHCHD2T61I-torin1 vs CHCHD2−/−-torin1, *p = 0.0266. (D) Autophagy flux assay in 
isogenic hESCs lines carrying CHCHD2T61I or CHCHD2−/− treated with DMSO, torin1 250 nM or bafA1 100 ng/ml for 5 h. Quantification of MAP1LC3-II normalize with 
ACTB in hESCs. n = 3. Two-way ANOVA, **p = 0.0011; ***p = 0.005. (E) Co-immunoprecipitation of CHCHD2 by endogenous ULK1 bound to ULK1 antibody in lysates 
from isogenic hESC carrying CHCHD2 WT or CHCHD2T61I *, unspecific band. (F) Proteins levels in lysates from isogenic hESCs carrying CHCHD2 or CHCHD2T61I. Student 
t test, **p = 0.0049, n = 3.
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Figure 8. CHCHD2 promoted clearance of protein aggregates. (A-C) Western blot analysis on SK-N-SH cells transfected with control vector, C-terminal-tagged 
CHCHD2, CHCHD10 or C1QBP (A) with quantification, control vector, non-tagged CHCHD2 WT, CHCHD2T61I or CHCHD2R145Q (B), control vector, non-tagged CHCHD10 
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was detected in the insoluble fraction, as well as C-terminal 
truncation of SNCA evidenced by epitope-specific antibody 
(Figure 8(H)). C-terminal truncation of SNCA, was clearly 
reduced in the insoluble fraction from mouse striatum with 
expression of CHCHD2 (Figure 8H). A slight reduction of 
SQSTM1 was detected in CHCHD2-overexpressed brain 
lysates, suggesting autophagy activation. As C-terminal trun
cation of SNCA was highly toxic to accelerate formation of 
SNCA aggregates [86–90], the negative correlation between 
overexpressed CHCHD2 and reduced toxic C-terminal trun
cated SNCA suggested CHCHD2 helped to clear toxic SNCA 
species, therefore reducing protein aggregates. Collectively, 
CHCHD2 reduced protein aggregates in vitro and in vivo.

Discussion

Mutations in mitochondrial protein CHCHD2 or CHCHD10 
causes neurodegeneration. Here we reported CHCHD2- 
CHCHD10-C1QBP complexed with ATG8s to promote auto
phagy and clear aggregates, revealing unexplored roles of 
CHCHD2 and CHCHD10 in proteostasis and providing 
novel insights in targeted therapy for neurodegeneration 
with aggregates (Figure 9).

CHCHD2-CHCHD10-C1QBP-ATG8 protein complex

We reported a protein complex composing of CHCHD2- 
CHCHD10-C1QBP-ATG8s. The identification of ATG8s as 
CHCHD2, CHCHD10 and C1QBP interactors provided bio
chemical foundation to unravel the hidden roles of CHCHD2, 
CHCHD10 and C1QBP in autophagy-lysosome pathway. 
Firstly, we examined how CHCHD2-CHCHD10-C1QBP 
complex assembled. We proved that C1QBP served as 
a scaffold for CHCHD2 and CHCHD10 interaction. 
N-terminal α-helix region of CHCHD2 and CHCHD10 
strongly bound to C1QBP. CHCHD2 or CHCHD10 dimer 
formation was much weaker than CHCHD2-C1QBP or 
CHCHD10-C1QBP interaction. Besides, the N-terminal 
CHCHD2 was important for CHCHD2 homodimer forma
tion. The C-terminal CHCHD2 mediated CHCHD2- 
CHCHD10 heterodimer formation, while the C-terminal 
CHCHD10 mediated CHCHD10 homodimer formation. 
Secondly, ATG8s bound to CHCHD2, CHCHD10 and 
C1QBP individually. In particular, ATG8s bound to both 
N and C termini of CHCHD2 and CHCHD10. ATG8s also 
helped CHCHD2-CHCHD10, CHCHD2-C1QBP and 

CHCHD10-C1QBP interaction to assemble a large protein 
complex. Within 2 LIRs in C1QBP, the 2nd LIR contributed 
more for C1QBP-ATG8 and C1QBP-CHCHD10 interaction. 
Taken together, CHCHD10 and CHCHD2, via their 
N-terminal α-helix, bound to C1QBP on the edge of prism 
of C1QBP trimer. ATG8s when binding to the 2nd LIR of 
C1QBP, was embedded in CHCHD2-CHCHD10-C1QBP 
complex. Meanwhile, the C terminus of CHCHD2 and 
CHCHD10, forming homo- and heterodimer, bound to 
another ATG8s (Figure 4J) and recruited ATG8-binding pro
teins such as ULK1 (Figures 6, 9). Considering the fast turn
over of CHCHD2 and CHCHD10, the presence of CHCHD2- 
CHCHD10-C1QBP-ATG8s complex could be quite dynamic. 
Further crystallography or cryogenic electron microscopy stu
dies may give ultimate answers.

In this complex, any single molecule simultaneously bound 
to a few others. Such multivalent architecture allows precise fit 
and increases the specificity and/or strength of protein-protein 
interaction. We speculate intricate organization of CHCHD2- 
CHCHD10-C1QBP-ATG8 complex safeguards its function. 
Mild errors in one component change some protein-protein 
interaction but do not disrupt the complex. Hence, the function 
of the complex could be largely maintained. Indeed, most dis
ease-associated mutants of CHCHD2 or CHCHD10 still bound 
to other components, assembled the complex and functioned 
roughly well as their WT proteins (Figures 4, 8). However, 
chronic mild defects, possibly along with some uncorrectable 
environmental stress paradigm eventually break the balance and 
cause unfixable outcomes (Figure 9, S8). That could explain why 
CHCHD2 or CHCHD10 mutations-caused disorders are mostly 
late-onset and degenerative phenotypes in animal models are 
age-dependent.

Cytosolic CHCHD2 and CHCHD10

Autophagy is a cytoplasmic process, while CHCHD2 and 
CHCHD10 are mitochondrial proteins. Some CHCHD2 and 
CHCHD10 were present in the cytosol, but much less than in 
mitochondria. We showed both N and C termini of CHCHD2 
and CHCHD10 contributed to their mitochondrial localiza
tion. Blocking either end, or mutation in N or C terminus, 
especially point mutations in CHCH domain (CHCHD2Q120P, 
CHCHD10Q108P) or N terminus (CHCHD2P14L [11]), was 
strong enough to block mitochondrial localization. 
Mitochondrial C1QBP is also present in the cytosol [91]. 
Cell fractionation showed the presence of cytosolic

WT, CHCHD10S59L, CHCHD10Q108P or CHCHD10∆GL (C) for 48 h. Unpaired t test, ****(vector vs CHCHD2), p < 0.0001; **(vector vs CHCHD10), p = 0.0018; **(vector vs 
C1QBP), p = 0.0048. (D) Confocal imaging of SK-N-SH cells transiently transfected with siControl, siCHCHD2, siCHCHD10 or siC1QBP for 48 h. Cells were treated with 
5 μg/ml puromycin for 2.5 h to induce aggregates. Endogenous CHCHD2 or Ubiquitin (UB) was labelled as green or violet. Scale bar: 20 µm. Right, quantification of 
UB positive puncta. 200-400 cells per group. Unpaired t test, ***p = 0.0004 (siCtrl vs siCHCHD2); **p = 0.0015 (siCtrl vs siCHCHD10); ***p = 0.0002 (siCtrl vs siC1QBP). (E) 
Western blot analysis of soluble and insoluble fraction of HeLa cells transfected with control vector or CHCHD2-FLAG-MYC, CHCHD10-FLAG-MYC or C1QBP-FLAG-MYC 
with MAPT/Tau aggregates for 48 h. Quantification of MAPT/Tau:ACTB in the pellet. Unpaired t test, vector vs CHCHD2, *p = 0.0337; vector vs C1QBP, **p = 0.0038. (F) 
Western blot analysis of soluble and insoluble fraction of HeLa cells transfected with control vector, CHCHD2-FLAG-MYC, CHCHD10-FLAG-MYC or C1QBP-FLAG-MYC 
with aggregation-prone GFP-FUSP525L for 48 h. Quantification of GFP-FUSP525L:ACTB in the pellet. Unpaired t test, vector vs CHCHD2, ***p = 0.0003; vector vs 
CHCHD10, **p = 0.0062. (G) Western blot analysis of soluble and insoluble fraction of HeLa cells transfected with control vector or CHCHD2-FLAG-MYC with PFF 
0.1 µg/ml for 48 h. Quantification of SNCA/α-synuclein: ACTB. 2-way ANOVA, **p = 0.0035 (PFF+Vect vs PFF+CHCHD2). (H) Illustration of intrastriatal PFF injection in 
the mouse brain. Immunoblot of SDS soluble and SDS insoluble fraction from the mouse striatum at 4-week post PFF and/or AAV injection. 4 out of 5 mice per group 
were shown. Arrow, C-terminal truncated SNCA/α-synuclein.
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CHCHD2, CHCHD10 and C1QBP, supporting their roles in 
cytosolic autophagy. It is hard to capture a cytosol CHCHD2 
and CHCHD10 by classical methods. The reasons could be: 1. 
Relatively low abundancy in cytosol while highly enriched in 
mitochondria; 2. Fast turnover of CHCHD2 and CHCHD10, 
especially when in cytosol. A cytosolic CHCHD10Q108P, 
degraded ~5 fold faster than CHCHD10 WT [62].

Fast turnover of CHCHD2 and CHCHD10

Autophagy degrades long-lived cytosolic proteins and orga
nelles [92]. Under normal conditions, most short-lived pro
teins are not primary targets for autophagy. However, by 
degrading specific short-lived proteins with regulatory func
tions in proteostasis, autophagy provides a mechanism for 

rapid stimulus responsiveness and prompt, demand-driven 
regulation. The turnover rate of CHCHD2 and CHCHD10 
is too fast for typical autophagy substrates when proteins with 
t1/2  < 8 h are regarded as short-lived proteins [93]. Here we 
showed that CHCHD2 and CHCHD10 were autophagic sub
strates and autophagy activators, in that CHCHD2 and 
CHCHD10 promoted autophagy while such activated auto
phagy may degrade themselves. Fast turnover of CHCHD2 
and CHCHD10 could be due to sophisticated regulatory 
mechanisms on them. Firstly, CHCHD2 functions as 
a transcription factor of itself [94,95]. There could be 
a positive feedback loop of CHCHD2’s self-amplification 
where CHCHD2 promoted the transcription of itself, thus 
producing more CHCHD2 protein. Secondly, there could be 
a negative feedback loop of CHCHD2 post-translationally, 
where CHCHD2 functioned as both an autophagy substrate

Figure 9. The schematic physiological roles of CHCHD2 and CHCHD10 in autophagy regulation and the pathogenic mechanisms of CHCHD2 and CHCHD10 mutants 
in neurodegeneration. CHCHD2, CHCHD10 and C1QBP, binding to ATG8s, formed a protein complex, in which C1QBP served as the scaffold to bring every component 
together. By binding to GABARAPs, CHCHD2 and CHCHD10 underwent autophagic degradation. CHCHD2, CHCHD10 and GABARAPs also recruited ULK1 complex to 
initiate autophagy. CHCHD2 may transcriptionally activate autophagy genes. Thus, autophagy was promoted. Disease-causing CHCHD2 or CHCHD10 mutations, such 
as CHCHD2T61I, CHCHD10P34S or CHCHD10S59L showed altered interaction with ATG8s but did not disrupt the CHCHD2-CHCHD10-C1QBP-ATG8 complex and still 
carried out their roles in autophagy. However, chronic mild defects, possibly along with some environmental stresses, broke the balance, disturbed autophagy- 
lysosome pathway, eventually caused protein aggregates and neurodegeneration. Considering the high turnover of CHCHD2 and CHCHD10, such complex could be 
very dynamic and/or transient. D2, CHCHD2; D10, CHCHD10; A8, ATG8s; *,disease-associated mutations.

18 Zhou W ET AL.



and activator, allowing the system to speed up autophagy 
machinery to clear some autophagic substrates, possibly 
along with CHCHD2 and CHCHD10, hence offset against 
CHCHD2’s self-amplification. Interestingly, CHCHD2 or 
CHCHD10 mutations which lost or reduced their 
C-terminal ATG8 binding had longer half-life than WT pro
teins but still underwent degradation, suggesting more degra
dation mechanisms of CHCHD2 and CHCHD10. As our 
study showed CHCHD2 was not degraded by UB-dependent 
proteosome degradation pathway, nuclear CHCHD2 could be 
degraded by a UB-independent proteosome pathway via 
MIDN (midnolin) [96], whose structure variant was regarded 
as a genetic risk for PD [97,98]. Further studies are needed.

CHCHD2 in autophagy regulation

We reported CHCHD2 and CHCHD10 promoted autopha
gy. CHCHD2 was firstly identified as a bi-organelle protein 
in nuclear and mitochondria. When in nuclear, CHCHD2 
functions as a transcription factor to regulate some mito
chondrial proteins, mtUPR and itself [99,100]. A CHIP-seq 
analysis of adenovirus-transfected CHCHD2 on primary 
mouse hepatocytes showed that 90% of 3769 CHCHD2 
peaks were located in the promoter regions of genes [95]. 
We retrieved this data, and found top CHCHD2 target genes 
on enriched Kyoto Encyclopaedia of Genes and Genomes 
(KEGG) pathways were protein processing (1st), autophagy 
(2nd), ALS (6th), AMPK (AMP-activated protein kinase) 
pathway (19th), PD (24th), AD (30th) and HTT (Huntingtin) 
(44th) (Table S1). Among them, key autophagy regulators 
transcripts were seen, including Map1lc3b, Gabarap, 
Gabarapl1, Ulk2, Atg13, Rab1a, Atg5, Atg9a, Atg9b, Wipi1, 
Wipi2. Those results suggested CHCHD2 transcriptionally 
upregulates autophagic genes but such regulation may or 
may not be direct. We tested some hits in SK-N-SH cells 
upon transient CHCHD2 knockdown, along with transient 
CHCHD10 or C1QBP knockdown. siCHCHD2 or 
siCHCHD10 did not reduce the expression of autophagic 
genes, while siC1QBP significantly upregulated autophagic 
genes such as ULK1, ULK2, UVRAG, ATG3 and LC3B 
(Figure S9O), suggesting the transcriptional roles of 
CHCHD2 could be achieved by its associating complex. 
Interestingly, C1QBP knockdown enhanced CHCHD2 
(Figure S9O), even with a reduction of CHCHD2 protein 
level (Figure S9M), hinting at a further regulatory loop 
between CHCHD2 and C1QBP. Taken together, 
CHCHD2’s role on autophagy activation could be attributed 
to: a direct protein-protein interaction via CHCHD2- 
CHCHD10-C1QBP-GABARAPs complexed with ULK1, 
and a possible indirect transcriptional upregulation of auto
phagy genes by CHCHD2 and its associating proteins 
(Figure 9). Meanwhile, transient CHCHD2 knockdown 
caused multiple cellular defects but chronic CHCHD2 KO 
showed mild or even no phenotypes. We previously pro
posed the presence of compensatory effects from its paralog 
CHCHD10 [14], which was later proven as partially [28,37]. 
Here we speculate the transcriptional roles of CHCHD2 
[95,99], possibly with its binding partners, also contribute 
to the difference between transient and chronic manipulation 

with transcriptional adaptation during long-term genetic 
engineering [101].

We reported the physiological roles of CHCHD2 and 
CHCHD10 in autophagy initiation via GABARAPs-ULK1. 
ATG8s play roles in almost every step of autophagy- 
lysosome pathway. It is also possible CHCHD2 or 
CHCHD10 involves in other stages in autophagy-lysosome 
pathways. As current study excluded the possibility of CMA, 
further study may reveal whether they participate in addi
tional related mechanisms, such as ESCRT (endosomal sort
ing complex required for transport) machinery.

CHCHD2 and CHCHD10 functioned as not only autophagy 
substrates but also promoted autophagy. Those two aspects of 
CHCHD2 and CHCHD10 may be closely interrelated. 
Actually, some autophagy regulators themselves are substrates 
for autophagy, showing a complex feedback loop where the 
machinery regulates itself to maintain balance. It is likely 
CHCHD2 and CHCHD10 degraded along with the autophagy 
activated by itself. Similar situation was seen in CCT2 (chaper
onin containing TCP1 subunit 2) [102]. CCT2 functions as an 
autophagy receptor that specifically targets and facilitates the 
degradation of solid protein aggregates. It is also a substrate of 
the aggrephagy pathway itself and degraded along with the 
cargo it delivers. These tightly coordinated biological processes 
enable cells to respond rapidly and accurately to both internal 
and external signals to sustain cellular health and functionality.

CHCHD2 and CHCHD10 in protein aggregates clearance

Many neurodegenerative disease-related aggregates were 
cleared by autophagy [103–107]. Many CHCHD2 or 
CHCHD10 mutants caused protein aggregates in vivo. 
Interestingly, CHCHD10 reduces TARDBP aggregates in 
cell and mouse model [34]. Our study mechanistically 
revealed a direct role of CHCHD2 and CHCHD10 in auto
phagy, specifically in aggregate clearance. CHCHD2 
reduced aggregated SNCA initiated by PFF, suggesting 
CHCHD2 cleared aggregates, a function similar to CCT2 
[102]. CCT2 promotes clearance of solid protein aggregates 
[102]. CHCHD2 was co-captured with CCT2 by mass 
spectrometry when searching for proteins binding HTT 
aggregates in U2OS cells, though less enriched than CCT2 
[102]. CHCHD2 or CHCHD10 mutations caused protein 
aggregates including SNCA, TARDBP, CHCHD2 and/or 
CHCHD10 etc., suggesting CHCHD2 and CHCHD10 asso
ciated with protein aggregates in a generalized manner. 
This could be mediated by physical interaction via liquid- 
liquid phase transition (LLPS) of biocondensates or protein 
aggregates [108,109]. ATG8s, the newly identified 
CHCHD2 and CHCHD10 interactors, are actively involved 
in LLPS. Moreover, GABARAPs were specifically associated 
with SNCA oligomer but not SNCA monomer [110]. 
GABARAPs were also functionally related to protein aggre
gates. Loss of GABARAPs contributed more to protein 
aggregates formation than loss of MAP1LC3s [84]. With 
more studies on the specificity of GABARAP subfamily vs 
MAP1LC3 subfamily [111,112], our study on CHCHD2 
and CHCHD10’s association with GABARAPs to clear

AUTOPHAGY 19



protein aggregates corroborated those findings to highlight 
the significance of less-studied GABARAPs in protein 
aggregate clearance. Further long-term investigations 
using CHCHD2 overexpression in PFF mouse model 
could reveal functional connections and offer holistic 
insights into the impact of CHCHD2 on the processing 
and clearance of protein aggregates.

C1QBP in autophagy and mitophagy

C1QBP plays pleiotropic cellular roles with numerous interactors 
[113]. We reported C1QBP associated with ATG8s directly. 
Considering the high abundancy of C1QBP and ATG8s, with 
strong binding affinity between C1QBP-ATG8s, a C1QBP- 
ATG8s interaction could be one missing fundamental mechanism 
of its pleiotropic cellular roles. Notably, cardiomyocyte-specific 
c1qbp−/− in mice showed autophagy defects [59]. C1QBP was 
reported to bind to ULK1 directly [114]; our data instead suggested 
C1QBP interacted with ULK1 via ATG8s, CHCHD10 and 
CHCHD2. We confirmed 2 LIRs in C1QBP for ATG8s and 
CHCHD10 interaction, providing mechanistic insights of 
C1QBP function in autophagy. Of note, compound heterozygous 
mutations including 1st LIR of C1QBP associated with fatal human 
cases [54], suggesting C1QBP-ATG8 interaction is pivotal in vivo. 
1st LIR of C1QBP is at flexible region above or below the prism of 
C1QBP trimer showed by crystal structure, and 2nd LIR of C1QBP 
is at the edge of prism, mediating CHCHD2 and CHCHD10 
interaction. Further studies on 1st LIR of C1QBP are needed. 
Alternatively, ULK1-ATG8s was recruited to mitochondria by 
interacting with mitochondrial FUNDC1 (FUN14 domain con
taining 1) [115]. We envision that mitochondrial CHCHD2, 
CHCHD10 and C1QBP could recruit ULK1 and ATG8s to pro
mote PINK1-PRKN/Parkin-independent mitophagy. The find
ings of this study have to be seen in light of some limitations. 
Due to the nature of fast decay of CHCHD2 and CHCHD10 and 
multiple ATG8 isoforms with their functional redundancy and 
compensation, many results here had to be based on relative short- 
term overexpression or in vitro studies. Further studies on endo
genous protein tagging may help to decipher fine regulation of this 
protein complex in versatile cellular mechanisms.

Mutations of mitochondrial proteins CHCHD2 or 
CHCHD10 caused neurodegeneration with protein aggre
gates. Our study suggested chronic disrupted proteostasis 
underlay CHCHD2 or CHCHD10 mutations-associated neu
rodegeneration. We reported CHCHD2 and CHCHD10 as 
both autophagy substrates and autophagy receptors to clear 
protein aggregates. With low CHCHD2 in PD patients [116] 
and low CHCHD10 in ALS or FTD patients [117], restoring 
CHCHD2 or CHCHD10 hold the potential to rejuvenate 
autophagy and mitochondria to benefit patients.

Materials and methods

Animals

Mouse husbandry and procedures were performed in accor
dance with the guidelines of Laboratory Animal Manual of the 
National Institute of Health Guide to the Care and Use of 
Animals and upon approval of DUKE-NUS Graduate Medical 

School Institute Animal Care and Use Committee (2020/SHS/ 
1549). Male C57BL/6 mice (The Jackson Laboratory, 000664) 
were used.

Cell culture

SK-N-SH cells (ATCC, HTB-11) were maintained in Minimal 
Essential Medium Eagle (Sigma) supplemented with 10% FBS 
(Hyclone, SH30071.03E) with NEAA (Non-Essential Amino 
acids) (Gibco, 11140050). HeLa cells (ATCC, CRM-CCL-2) 
were maintained in DMEM (Gibco, 11965092) supplemented 
with 10% FBS. siRNA or plasmid transfection was mediated 
by TurboFectTM (Thermo Fisher Scientific Inc., R0531).

Dopaminergic neuron differentiation and 
characterization

To establish H9-TH-EGFP cell line, the fluorescent reporter 
EGFP were directly inserted before the TH stop codon using 
the CRISPR/Cas9 system. with sgRNA (5’- 
AGTGCCATTGGCTAGGTGCACGG −3’) targeting exon 14 
of TH gene right before the stop codon, together with 
a plasmid donor carrying homology-directed repair (HDR) 
template with T2A-EGFP sequence. CHCHD2-/- was gener
ated using sgRNA (5’-TCCGGCCAGGTGAGACCATC-3’) 
targeting exon 1 of the CHCHD2 gene. CHCHD2T61I was 
generated using sgRNA (5’- 
CACCGTTGGGTCACGCCATTACTGG-3’) targeting exon 2 
of the CHCHD2 gene, together with a plasmid donor carrying 
HDR template with CHCHD2 Thr61Ile mutation. Cells were 
selected by puromycin for 2 days before being plated as single 
cells for colony picking. Clones were selected by PCR ampli
fication for targets of interest. All selected clones were 
screened for potential off-target sites. Karyotyping was done 
by Cytogenetics Lab in Singapore General Hospital 
(Singapore).

Midbrain-like organoids were generated as previously 
described with some modifications [118]. Briefly, 70–80% 
confluent hESC was dissociated into single cells by 
TrypLETM Express Enzyme (Thermo Fisher Scientific Inc., 
12605010) and seeded into 96-well U bottom Ultra-Low 
Attachment plate with a density of 4000 to 6000 cells per 
well and supplemented with 10 μM ROCK inhibitor Y27632 
(Calbiochem, 331752-47–7). From day 2 to day 6, the follow
ing midbrain patterning factors were added: 10 μM SB431542, 
100 nM LDN193189, 0.75 μM purmorphamine, 0.7 μM 
CHIR99021. From day 4 to day 12, 100 ng/ml FGF8 was 
added. At day 6, each organoid was embedded in 20 μl of 
Growth Factors Reduced Matrigel (Corning, 354230) and 
transferred to 6-well plates on an orbital shaker with 70 rpm 
at day 8. After initial 12 days of patterning, organoids were 
maintained in organoid media consisting of Neurobasal 
(Gibco, 21103049) supplemented with NeuroCultTM SM1 
Neuronal Supplement (STEMCELL Technologies, 06711), 1  
M HEPES, 1 × Antibiotic-Antimycotic (Gibco, 15240062), and 
1 × GlutamaxTM (Gibco, 35050061). Neurotrophic factors of 
100 μg/ml BDNF (STEMCELL Technologies, 78005.1)
and 100 μg/ml GDNF (STEMCELL Technologies, 78005.1), 
and 200 mM c-dbAMP (Sigma-Aldrich Co. LLC, D0627) 
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were added as needed. Midbrain-like organoids were disso
ciated using papain (Worthington Biochemical Corporation, 
9001-73-4) at day 50. Dissociated cells were plated on either 
Matrigel-coated or poly-l-lysine (PLL) or laminin-coated glass 
coverslips at a density of 70,000 to 100,000 cells per coverslip. 
Cells were given 2 to 3 days to attach onto the coverslips, for 
further drug treatment and immunofluorescence assay.

Plasmid constructs, mutagenesis and RNAi interference

Point mutations of CHCHD2, CHCHD10 or C1QBP were 
introduced into the coding sequence of respective cDNA 
with Site-directed mutagenesis kit (Stratagene, 200518). For 
bacterial expression of GST-tagged CHCHD2, CHCHD10, or 
C1QBP plasmids, pGEX-5X-1 vectors (GE Healthcare, 
28–9545-53) were digested with Sal I and Not I (New 
England Biolabs, R0138S and R0189S) and ligated with the 
following fragments: CHCHD2 gene, PCR amplified from the 
pCMV6-CHCHD2 vector; CHCHD10 gene, PCR amplified 
from the pCMV6-CHCHD10 vector; C1QBP gene, PCR 
amplified from the pCMV6-C1QBP vector. For bacterial 
expression of His-tagged CHCHD2, CHCHD10, C1QBP, 
pET-15b vector were digested by BamH I and Xho I and 
ligated with respective fragments. N-terminal HA-FLAG- 
tagged CHCHD2 and CHCHD2Q126X were cloned to 
pCDNA3-N-HA-FLAG vector from Addgene by using EcoR 
I and Xho I sites. All plasmids are listed in Table 1. All 
primers used for the cloning and mutagenesis are listed in 
Table 2. The detailed information of RNAi is listed in Table 3.

Recombinant protein expression and purification

Recombinant proteins of His- or GST-tagged CHCHD2, 
CHCHD10, or their mutations CHCHD2T61I, 
CHCHD2R145Q, CHCHD10P34S, CHCHD10S59L were 
expressed in SHuffle T7 Express Escherichia coli to promote 
disulfide bond formation. Recombinant proteins of C1QBP 
were expressed in BL21(DE3) Escherichia coli. Transformed 
bacteria were grown in LB Broth with Ampicillin at 28-30°C 
and induced with 0.2 mM isopropyl β-d-1-thiogalactopyrano
side (IPTG, Sigma-Aldrich CO. LLC, I6758) for 3-4 h. 
Bacteria cells were harvested by centrifugation. For purifica
tion, bacteria were resuspended in buffer (50 mM Tris-HCl, 
pH 8.0, 500 mM NaCl, 10% glycerol, 2 mM EDTA, 1% Triton 
X-100 (Bio-Rad Laboratories, Inc., 161-0407), 5 mM imida
zole for His proteins) supplemented with lysozyme (Thermo 
Fisher Scientific Inc., 90082). Sonication was carried out for 
bacterial expressing recombinant CHCHD10 or C1QBP pro
teins. Soluble fraction of bacterial lysates was obtained after 
centrifugation. The soluble supernatant was incubated with 
equilibrated GST Agarose beads (Thermo Scientific Scientific 
Inc., 16100) or Ni-NTA beads (QIAGEN, N.V., 1018244) for 
1-2 h at 4°C. After extensive washing of the beads with buffer, 
freshly prepared GST fusion protein bound-beads or His 
protein-bound beads were used in following analysis; other
wise, proteins were eluted from GST or His beads with elution 
buffer containing 15 mM glutathione or 250 mM imidazole. 
The eluted proteins were then concentrated by Amicon Ultra 

Centrifugal Filters (Millipore, UFC800324). Proteins were 
quantified, flash frozen and stored at -80°C.

GST affinity isolation, immunoprecipitation and in vitro 
binding assay

For GST affinity isolation, GST beads bound with freshly prepared 
recombinant GST-fused WT or mutant proteins were incubated 
with mammalian cell lysates for 2-3 h at 4°C, followed by extensive 
washing to remove unspecific binding proteins. The affinity- 
isolated complex was then dissolved in 2 × SDS-PAGE sample 
buffer and subjected to following analysis. For immunoprecipita
tion, mammalian cells were harvested with lysis buffer containing 
50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100 with 
EDTA and proteinase inhibitor (Thermo Fisher Scientific Inc., 
78429). Lysates, which is the supernatant after centrifugation at 
20,817 × g for 15 min at 4°C, were then pre-cleared with Protein 
A/G Sepharose beads (Thermo Fisher Scientific Inc., 20421). The 
flowthrough was incubated with either control IgG or specific 
antibodies at 4°C, followed with fresh Sepharose beads. Unspecific 
binding proteins were removed by extensive washing. The immu
noprecipitated complex was then eluted by 0.2 M glycine pH 2.0 
with 0.15 M NaCl and subject to immunoblotting. Input samples 
were collected prior to mixing with beads and 2-4% (for whole cell 
lysates) of the input samples were used for immunoblotting 
analysis. For in vitro protein binding analysis, purified GST- 
tagged proteins were immobilized on GST-agarose beads (or His- 
tagged proteins were immobilized on Ni-NTA agarose beads), 
mixed with purified 3-5 µg His-tagged proteins (or GST-tagged 
proteins) in 50 mM HEPES, pH 7.4, 150 mM NaCl and 0.25% 
NP-40 (Sigma-Aldrich CO. LLC, 74385) for 3 h at 4°C with 
agitation. Beads were washed to remove the unspecific binders. 
The beads with interacting proteins were dissolved in 2 × SDS- 
PAGE sample buffer and subjected to following analysis. All 
antibodies are listed in Table 4 and 5.

Proteomic analysis using LC-MS/MS (liquid 
chromatography-tandem mass spectrometry)

Briefly, in-gel digestion was performed. Resulting peptides 
were reconstituted in 2% Acetonitrile, 0.1% formic acid in 
water and peptide concentration was determined by Thermo 
Scientific™ Pierce™ Quantitative Fluorescent Peptide Assay. 
The reconstituted peptide samples were then analyzed on an 
EASY-nLC 1200 system coupled to Orbitrap ExplorisTM 480 
mass spectrometer (Thermo Fisher Scientific Inc., 
BRE725539). The Easy-nLC system was equipped with an in- 
line trap column of PepMap 100 C18, 3 μm, 75 μm × 2 cm 
(Thermo Fisher Scientific Inc., 164943) and Easy-spray 
Pepmap RSLC C18, 2 μm, 15 cm × 75 μm column. The EASY- 
nLC was operated at a flow rate of 300 nL/min. Mobile phase 
A consisted of 0.1% formic acid in LC-MS grade water and 
mobile phase B was made up of 0.1% formic acid, 80% 
acetonitrile in LC-MS grade water. A step gradient was uti
lized from 5% to 60% mobile phase B for 29 min, followed by 
1 min from 60% to 98% solvent B. Some important settings 
for Orbitrap 480 MS are as follows: data was acquired using 
data-dependent acquisition (DDA) in positive mode;
resolution for MS1 and MS2 scans: 60,000 and 15,000; MS1 
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Table 1. Plasmids.

Plasmids Resource Identifier

CHCHD2-non-tagged OrigeneTM Technologies sc114478
CHCHD10-non-tagged OrigeneTM Technologies sc308703
CHCHD2-FLAG-MYC OrigeneTM Technologies RC209806
CHCHD10-FLAG-MYC OrigeneTM Technologies RC209077
CHCHD4-FLAG-MYC OrigeneTM Technologies RC217831
MYC-LAMP2A OrigeneTM Technologies RC221216
N-HA-FLAG-pcDNA3 Addgene 10792 (William Sellers Lab)
C1QBP-FLAG-MYC OrigeneTM Technologies RC201742
pGEX-5x-1 Sigma-Aldrich Co. LLC 28-9545-53
pET-15b Novagen- Merck & Co., Inc 69661
pSNAPf vector New England Biolabs, Inc N9183S
pSNAPf-COX8A Addgene 101129 (Ana Egana Lab: Egana Lab NEB plasmids)
PARK7/DJ-1-pSNAPf This paper N/A
mCherry-ZFYVE1 Addgene 86746 (Do-Hyung Kim Lab)
pEGFP-C1-LC3A This paper N/A
pEGFP-C1-LC3B This paper N/A
FLAG-LC3C Addgene 123095 (Robin Ketteler Lab)
pEGFP-C1-GABARAP Addgene 87871 (Eiki Kominami Lab)
pEGFP-C1-GABARAPL1 This paper N/A
pEGFP-C1-GABARAPL2 This paper N/A
HA-ULK1 Addgene 31963 (Do-Hyung Kim Lab)
GST-LC3A Addgene 73946 (Dieter Willbold Lab)
GST-LC3B This paper N/A
GST-LC3C This paper N/A
GST-GABARAP Addgene 73948 (Dieter Willbold Lab)
GST-GABARAPL1 Addgene 73945 (Dieter Willbold Lab)
GST-GABARAPL2 Addgene 73518 (Dieter Willbold Lab)
His-LC3A This paper N/A
His-LC3B Addgene 73949 (Dieter Willbold Lab)
His-LC3C This paper N/A
His-GABARAP This paper N/A
His-GABARAPL1 This paper N/A
His-GABARAPL2 This paper N/A
Non-tagged CHCHD2T61I [14] N/A
Non-tagged CHCHD2Q126X [14] N/A
Non-tagged CHCHD2R145Q [14] N/A
CHCHD2T61I-FLAG-MYC This paper N/A
CHCHD2R145Q-FLAG-MYC This paper N/A
CHCHD2Q120P-FLAG-MYC This paper N/A
N-HA-FLAG-CHCHD2 This paper N/A
N-HA-FLAG-CHCHD2 Q126X This paper N/A
pGEX-5x-1-CHCHD2 This paper N/A
pGEX-5x-1-CHCHD2T61I This paper N/A
pGEX-5x-1-CHCHD2R145Q This paper N/A
pGEX-5x-1-CHCHD2Q126X This paper N/A
pGEX-5x-1-CHCHD2R145X This paper N/A
pGEX-5x-1-CHCHD2R149X This paper N/A
pGEX-5x-1-CHCHD2-N (1-89) This paper N/A
pGEX-5x-1-CHCHD2-C (90-151) This paper N/A
pET-15b-CHCHD2 This paper N/A
CHCHD2-pSNAPf This paper N/A
pSNAPf-CHCHD2 This paper N/A
Non-tagged CHCHD10P34S This paper N/A
Non-tagged CHCHD10S59L This paper N/A
Non-tagged CHCHD10Q108P This paper N/A
Non-tagged CHCHD10∆GL145146 This paper N/A
CHCHD10S59L-FLAG-MYC This paper N/A
CHCHD10Q108P-FLAG-MYC This paper N/A
CHCHD10∆GL145146-FLAG-MYC This paper N/A
N-HA-FLAG-CHCHD10 This paper N/A
N-HA-FLAGQ108X -CHCHD10 This paper N/A
pGEX-5x-1-CHCHD10 This paper N/A
pGEX-5x-1-CHCHD10Q108X This paper N/A
pGEX-5x-1-CHCHD10Q131X This paper N/A
pGEX-5x-1-CHCHD10Y134X This paper N/A
pGEX-5x-1-CHCHD10∆GL145146 This paper N/A
pGEX-5x-1-CHCHD10-N (1-82) This paper N/A
pGEX-5x-1-CHCHD10-C (83-142) This paper N/A
pET-15b-CHCHD10 This paper N/A
CHCHD10-pSNAPf This paper N/A
CHCHD10Q108P-pSNAPf This paper N/A
pSNAPf-CHCHD10 This paper N/A
C1QBP4243AA-FLAG-MYC (D1) This paper N/A
C1QBP236237AA-FLAG-MYC (D2) This paper N/A
C1QBP4243AA236237AA-FLAG-MYC (DD) This paper N/A
pGEX-5x-1-C1QBP This paper N/A
pGEX-5x-1-C1QBP4243AA (D1) This paper N/A
pGEX-5x-1-C1QBP236237AA (D2) This paper N/A

(Continued )
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Table 1. (Continued). 

Plasmids Resource Identifier

pGEX-5x-1-C1QBP4243AA236237AA (DD) This paper N/A
pET-15b-C1QBP This paper N/A
pET-15b-C1QBP4243AA (D1) This paper N/A
pET-15b-C1QBP236237AA (D2) This paper N/A
pET-15b-C1QBP4243AA236237AA (DD) This paper N/A
pAH-LAP-HA-P525L-FUS [119] N/A (Ling Shuo-Chien Lab)
GFP-LC3-RFP-LC3ΔG [82] 84572 (Noboru Mizushima Lab)

Table 2. Primers for cloning or mutagenesis.

Name Sequence 5’->3’

CHCHD2T61I-F CCCAGATGGCAATCACTGCAGCTGG
CHCHD2T61I-R CCAGCTGCAGTGATTGCCATCTGGG
CHCHD2Q120P-F CTCTATGAGATCAAACCCTTTCTGGAGTGTGCCC
CHCHD2Q120P-R GGGCACACTCCAGAAAGGGTTTGATCTCATAGAG
CHCHD2R145X-F GGTGCTGAAACAGTGCTGACTTGCAAACGGATTG
CHCHD2R145X-R CAATCCGTTTGCAAGTCAGCACTGTTTCAGCACC
CHCHD2G149X-F GTGCCGACTTGCAAACTGATTGGCCTAATGAAG
CHCHD2G149X-R CTTCATTAGGCCAATCAGTTTGCAAGTCGGCAC
CHCHD10P34S-F GGCAGCCGCCTCAGCCCCCGC [40]
CHCHD10P34S-R GCGGGGGCTGAGGCGGCTGCC [40]
CHCHD10S59L-1-F GTAGCCGTGGGCTTGGCTGTGGGACAC
CHCHD10S59L-1-R GTGTCCCACAGCCAAGCCCACGGCTAC
CHCHD10Q108X-F CCTACGAGATCAGGTAGTTCCTGGACTG
CHCHD10Q108X-R CAGTCCAGGAACTACCTGATCTCGTAGG
CHCHD10Q131X-F CGAGGCCCTGAAGTAGTGCAAGTACTAC
CHCHD10Q131X-R GTAGTACTTGCACTACTTCAGGGCCTCG
CHCHD10Y134X-F GAAGCAGTGCAAGTAGTACCATGGTCTGAG
CHCHD10Y134X-R CTCAGACCATGGTACTACTTGCACTGCTTC
CHCHD10Q108P-F CTACGAGATCAGGCCCTTCCTGGACTGTTC
CHCHD10Q108P-R GAACAGTCCAGGAAGGGCCTGATCTCGTAG
CHCHD10∆GL-F CAAGTACTACCATAGCTCCCTGCCC
CHCHD10∆GL-R GGGCAGGGAGCTATGGTAGTACTTG
C1QBP4344AA-F CTGTGCACCCGGCCCGCCGCCCTGCTCAGCGTGCG
C1QBP4344AA-R CGCACGCTGAGCAGGGCGGCGGGCCGGGTGCACAG
C1QBP236237AA-F CCTTGGACTGGGCCTTAGCCGCCCACCTAATGGATTTCC
C1QBP236237AA-R GGAAATCCATTAGGTGGGCGGCTAAGGCCCAGTCCAAGG
CHCHD2-SNAP-NheI-F GCTAGCGCTAGCGCCACCATGCCGCGTGGAAGCCGAAG
CHCHD2-SNAP-AgeI-R ACCGGTACCGGTGGCCAATCCGTTTGCAAGTCG
CHCHD10-SNAP-NheI-F GCTAGCGCTAGCTCGCCACCATGATGCCTCGGGGAAGCCGCA
CHCHD10-SNAP-AgeI-R ACCGGTACCGGTGGGCAGGGAGCTCAGACCATG
PARK7/DJ-1-SNAP-NheI-F GCTAGCGCTAGCGCCACCATGATGGCTTCCAAAAGAG
PARK7/DJ-1-SNAP-AgeI-R ACCGGTACCGGTGTCTTTAAGAACAAGTGGAGCCTTC
SNAP-CHCHD2-BamHI-F GGATCCGGATCC ATG CCGCGTGGAAGCCGAAGC
SNAP-CHCHD2-NotI-R GCGGCCGCGCGGCCGCTTAGGCCAATCCGTTTGCAAG
SNAP-CHCHD10-BamHI-F GGATCCGGATCC ATG CCTCGGGGAAGCCGCAG
SNAP-CHCHD10-NotI-R GCGGCCGCGCGGCCGCTCAGGGCAGGGAGCTCAGACC
N-SalI-CHCHD2-pGEX-5x-F GTCGACGTCGACTCATGCCGCGTGGAAGCCGAAG
C-NotI-CHCHD2-pGEX-5x-R GCGGCCGCGCGGCCGCGAACTTCTTCATTAGGCCAATCC
N-SalI-CHCHD10-pGEX-5x-F GTCGACGTCGACTCATGCCTCGGGGAAGCCGCAG
C-NotI-CHCHD10-pGEX-5x-R GCGGCCGCGCGGCCGCTCAGGGCAGGGAGCTCAGACCATG
N-BamHI-C1QBP-pGEX-5x-F GGATCCGGATCCCCATGCTGCCTCTGATG
C-XhoI-C1QBP-pGEX-5x-R CTCGAGCTCGAGCTACTGGCTCTTGACAAAAC
N-NdeI-CHCHD2-PET15b-F CATATGCATATGATGCCGCGTGGAAGC
C-BamHI-CHCHD2-pET15b-R GGATCCGGATCCTTAGGCCAATCCG
N-NdeI-CHCHD10-pET15b-F CATATGCATATGATGCCTCGGGGAAGCCGCAG
C-BamHI-CHCHD10-pET15b-R GGATCCGGATCCTCAGGGCAGGGAGCTCAGAC
N-NdeI-C1QBP-pET15b-F CATATGCATATGATGCTGCCTCTGCTGCGCTG
C-BamHI-C1QBP-pET15b-R GGATCCGGATCCTTACTGGCTCTTGACAAAAC
N-SalI-CHCHD21-89-F GTCGACGTCGACTCATGCCGCGTGGAAGCCGAAG
C-NotI-CHCHD21-89-R GCGGCCGCGCGGCCGCGAAATTACTTCCTCCACTGAAG
N-SalI-CHCHD290-151-F GTCGACGTCGACTCGCTGAGCCTGCGAGGCCTGAC
C-NotI-CHCHD290-151-R GCGGCCGCGCGGCCGCGAACTTCTTCATTAGGCCAATCC
N-SalI-CHCHD101-82-F GTCGACGTCGACTCATGCCTCGGGGAAGCCGCAG
C-NotI-CHCHD101-82-R GCGGCCGCGCGGCCGCTTACTGGGAGGGCTCCGAGCTG
N-SalI-CHCHD1083-142-F GTCGACGTCGACTCCCTGCTGTCCAGCAGGCCCCCACC
C-NotI-CHCHD1083-142-R GCGGCCGCGCGGCCGCTCAGGGCAGGGAGCTCAGACCATG
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and MS2 AGC target: 300% and 75%; MS2 isolation window: 
1.6 Th; MS2 HCD Collision Energy: 28%. The resulting MS/ 
MS data were processed using Thermo Scientific™ Proteome 
Discoverer™ 2.2 software.

Immunofluorescence and confocal imaging

Cells were fixed by 4% paraformaldehyde and incubated with 
specific antibody raised in rabbit followed by Alexa Fluro®568 
conjugated anti-rabbit IgG secondary antibody (Thermo 
Fisher Scientific Inc., A10042), then stained with another 
mouse antibody followed by Alexa Fluro®674 conjugated anti- 
mouse IgG secondary antibodies (Thermo Fisher Scientific 
Inc., A31517). Conventional microscopy was performed with 
a Leica TCS SP8 confocal microscope. Cellular puncta formed 
by ATG13 or WIPI2 were quantified by ImageJ software 
(NIH, Bethesta, MD, US). Each data point was collected on  
~ 100 cells from 4–5 separated views within the same samples. 
Cell number was counted by DAPI staining. Detailed infor
mation on chemicals and reagents were listed in Table 5.

Mitochondria fractionation

HeLa or HEK293T (2 × 107) cells were resuspended in 0.5 ml 
of mitochondrial extraction buffer (210 mM mannitol, 70 mM 
sucrose, 10 mM Tris-HCl pH 7.5, and 1 mM EDTA pH 7.5). 
Cell homogenate was obtained by disrupting cell membrane 
through a 27-gauge needle for 10 strokes. The degree of 
homogenization was monitored with a phase-contrast 

microscope. The homogenate was first centrifuged at 1500 ×  
g for 5 min to remove nuclei and cell debris. The supernatant 
was transferred to a new tube and a second centrifugation was 
carried out at 10,000 × g for 15 min to pellet down mitochon
dria. The upper supernatant was saved as cytosolic fraction, 
and the mitochondria pellet was washed with mitochondrial 
extraction buffer and centrifuged again at 10,000 × g for 
15 min. These crude mitochondria pellet was then lysed in 
the RIPA lysis buffer (25 mM Tris-HCl pH 7.5, 150 mM NaCl, 
1% NP-40, 0.1% SDS and 0.5% sodium deoxycholate (Sigma- 
Aldrich CO. LLC, 30970) for western blot analysis. The entire 
process of mitochondria isolation was performed on ice or at 
4°C. Protease inhibitors were included in all buffers. The 
cytosolic fractions were supplemented with ice-cold trichlor
oacetic acid (TCA) (Sigma-Aldrich CO. LLC, T6399), incu
bated on ice for 20 min, followed by top speed centrifugation 
at 4°C for 10 min. The pellet was then washed with pre-chilled 
acetone for 2 times. The protein pellet was then air dried for 
a few minutes before re-dissolved in SDS sample buffer. Both 
the mitochondrial fraction and cytosolic fraction were then 
subject to western blot analysis.

CHX chase assay

Cells were transfected with indicated plasmids. After that, 
cells were treated with 50 µg/ml CHX and were collected at 
each indicated time point for immunoblot analysis.

GFP-LC3-RFP-LC3ΔG autophagy reporter assay

Stable HeLa cell lines were generated using a GFP-LC3-RFP- 
LC3ΔG [82] plasmid by puromycin selection. Cell samples 
were then examined by Leica SP8 confocal microscope. 
Alternatively, cells were seeded in 96-well plates at 30,000 
cells/well and grown overnight. After drug treatment or 
genetic manipulations, cells were fixed with 4% PFA in PBS 
for 10 min and washed with PBS. Measurement of GFP and 
RFP fluorescence was performed using a Synergy H1 plate 
reader (BioTek) with excitation/emission at 487/515 nm and 
581/608 nm, respectively.

Stereotaxic injections

Mice were anesthetized with ketamine (200 mg/kg) and xyla
zine (10 mg/kg) and placed in a stereotaxic frame. Ophthalmic 
eye ointment was applied to prevent desiccation of the cornea 
during surgery. The area around the incision was trimmed 
and disinfected. PBS or mouse SNCA PFF (5 μg/side) or PFF 
with virus ~1 × 1010 GC was injected into the striatum (ante
roposterior = +0.5 mm, mediolateral = ±1.8 mm, depth =  
−3.0 mm, relative to bregma). 5 μL volume was injected at 
a rate of 0.5 μL/min using a 5 μL Hamilton syringe. To limit 
reflux along the injection track, the needle was maintained 
in situ for 5 min, before being slowly retrieved. Each mouse 
was treated with baytril and meloxicam in the water bottle 
and monitored during recovery for one week.

Table 3. siRNAs.

Gene siRNA sequence Cat No Resource

CHCHD2 L-019120-01-0005 
(OnTarget Plus, 
SMARTPool)

DharmaconTM, 

Thermo Fisher 
Scientific Inc.

LQ- 
019120-01-0002 
(OnTarget Plus, set 
of 4)

DharmaconTM, 

Thermo Fisher 
Scientific Inc.

CHCHD10 L-032555-01-0005 
(OnTarget Plus, 
SMARTPool)

DharmaconTM, 

Thermo Fisher 
Scientific Inc.

C1QBP L-011225-01-0005 
(OnTarget Plus, 
SMARTPool)

DharmaconTM, 

Thermo Fisher 
Scientific Inc.

LAMP2A GCACCAUCAUGCUGGAUAUUU, 
GUGCAGAUGACGACAACUUUU, 
UUCUAGUGUUGCUGGCUUAUU

customized 
LAMP2A of exon 
9a, CTM-760878, 
80, 81

DharmaconTM, 

Thermo Fisher 
Scientific Inc.

LONP1 sc-97290 Santa Cruz 
Biotechnology

AFG3L2 sc-72464 Santa Cruz 
Biotechnology

YME1L1 sc-90696 Santa Cruz 
Biotechnology

CLPP sc-60413 Santa Cruz 
Biotechnology

HTRA2 sc-35615 Santa Cruz 
Biotechnology

ATG5 S18158, Silencer® 
selected

Thermo Fisher 
Scientific Inc.

ATG7 S20650, Silencer® 
selected

Thermo Fisher 
Scientific Inc.
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Cell or mice tissue extraction and western blotting

Mouse brain tissue was subdissected, snap-frozen and stored 
at -80°C until further use. In vitro, iPS cells and neurons were 
washed with ice-cold PBS prior to lysis. Cells or tissue was 
lysed on ice in 1× RIPA lysis buffer or sequentially in 1% 
Triton X-100 followed by 2% SDS lysis buffer supplemented 
with protease and phosphatase inhibitor cocktail (Sigma- 
Aldrich Co. LLC, 11836170001, 4906845001). Crude RIPA 
lysates were centrifuged at 15,000 × g for 10 min at 4°C to 
remove cellular debris. Triton X-100 lysates were centrifuged 
at approximately 15,000 × g for 10 min at 4°C. The pellet was 
resuspended and sonicated in 2% SDS lysis buffer. Clarified 
lysates were quantified with a Pierce BCA protein assay. Cell 
lysates were mixed with Laemmli buffer and equal amounts of 
protein were subjected to SDS-PAGE. Cell or tissue lysates 

were subjected to electrophoresis on 6-15% SDS-PAGE gels 
and separated proteins were transferred electrophoretically to 
PVDF or nitrocellulose membranes, which were blocked with 
5% nonfat milk or BSA, and then incubated with primary 
antibodies followed by HRP-conjugated secondary antibodies. 
Signals were detected by Fuji Xejo Imaging system. Protein 
bands on blots were quantified by ImageJ software (NIH, 
Bethesta, MD, US).

Real time-quantitative PCR

Total RNA was extracted by RNeasy Kit (Qiagen, 74104), was 
then reversely transcribed using iScript™ Select cDNA 
Synthesis Kit (Bio-Rad Laboratories, Inc, 1708896). Real- 
Time PCR was performed with SsoFast™ EvaGreen®

Table 4. Antibodies.

Antibodies Resource Identifier

CHCHD2 Sigma-Aldrich Co. LLC HPA027407
Thermo Fisher Scientific Inc. PA5-23564
Proteintech Group, Inc 19424-1-AP

CHCHD10 Sigma-Aldrich Co. LLC HPA003440
Abcam ab121196
RayBiotech Inc 102-12935
Proteintech Group, Inc 25671-1-AP

C1QBP/p32 Abcam ab24733
Proteintech Group, Inc 24474-1-AP

LAMP2A Abcam ab18528
HSPA8/HSC70 (13D3) Thermo Fisher Scientific Inc. MA3-014
LAMP1 Cell Signaling Technology 15665S
HSPD1/HSP60 Proteintech Group, Inc 66041-1-Ig
LONP1 Proteintech Group, Inc 15440–1-AP
CLPP Santa Cruz Biotechnology sc-134496
HTRA2 Santa Cruz Biotechnology sc-15467
AFG3L2 Proteintech Group, Inc 14631–1-AP
YME1L1 Proteintech Group, Inc 11510–1-AP
SQSTM1/p62 Proteintech Group, Inc 66184-1-Ig

Cell Signaling Technology 8025S
Ubiquitin/UB Santa Cruz Biotechnology sc-8017
PARK7/DJ-1 Santa Cruz Biotechnology sc-55572
TOMM20 Santa Cruz Biotechnology sc-17764
SNCA/α-Synuclein (Full length epitope) BD (Becton, Dickinson and Company) 610787
SNCA/α-Synuclein (C-terminal epitope) Abcam ab6162
ATG5 Cell Signaling Technology 12994
ATG7 Cell Signaling Technology 8558
ULK1 Cell Signaling Technology 8054
ATG13 Cell Signaling Technology 13468T
RB1CC1 Cell Signaling Technology 12436
BECN1/Beclin 1 Cell Signaling Technology 3495
p-S30-BECN1/Beclin 1 Cell Signaling Technology 35955S
WIPI2 Cell Signaling Technology ab105459
TFEB Cell Signaling Technology 37785
MAP1LC3A/B Cell Signaling Technology 12741
GABARAP Santa Cruz Biotechnology sc-377300
GABARAPL1 Proteintech Group, Inc 11010-1-AP
GABARAPL2 Proteintech Group, Inc 18724-1-AP
OPTN Proteintech Group, Inc 10837-1-AP
ACTB Sigma-Aldrich Co. LLC A5441
GAPDH Cell signaling Technology 2118
GST Santa Cruz Biotechnology sc-138
6×His Thermo Fisher Scientific Inc. MA1-21315
FLAG Proteintech Group 80010-1-rr

Sigma-Aldrich Co. LLC F3165
HA Proteintech Group 66006-2-Ig
MYC/c-Myc (9E10) Santa Cruz Biotechnology sc-40
GFP Proteintech Group 66002-1-Ig
TH Pel-Freeze P40101-150
NR4A2/NURR1 Sigma-Aldrich CO. LLC ABE1455
FOXA2 Santa Cruz Biotechnology sc-101060
TUBB3 Millipore, Merck & Co., Inc SAB4700544
PDH Cell Signaling Technology 3205
TIMM50 Proteintech Group, Inc 22229-1-AP
p-Ser29-ATG14 Cell Signaling Technology 92340
ATG14 Cell Signaling Technology 96752
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Supermix (Bio-Rad Laboratories, Inc, 1725211) on Applied 
Biosystems 7500 Fast RT-qPCR system using gene-specific 
primers [120]. Ct values for genes of interest were collected 
during the log phase of the cycle. Quantification of targeted 
mRNA was normalized against ACTB mRNA using ΔΔCt 
method.

Statistics and reproducibility

All experiments were carried out with at least 3 independent 
biological replicates. The statistics methods were indicated in 
respective figure legends.
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