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A B S T R A C T   

Mitochondrial ATAD3A is an ATPase Associated with diverse cellular Activities (AAA) domain containing 
enzyme, involved in the structural organization of the inner mitochondrial membrane and of increasing 
importance in childhood disease. In humans, two ATAD3A paralogs arose by gene duplication during evolution: 
ATAD3B and ATAD3C. Here we investigate the cellular activities of the ATAD3C paralog that has been 
considered a pseudogene. We detected unique ATAD3C peptides in HEK 293T cells, with expression similar to 
that in human tissues, and showed that it is an integral membrane protein that exposes its carboxy-terminus to 
the intermembrane space. Overexpression of ATAD3C, but not of ATAD3A, in fibroblasts caused a decrease in cell 
proliferation and oxygen consumption rate, and an increase of cellular ROS. This was due to the incorporation of 
ATAD3C monomers in ATAD3A complex in the mitochondrial membrane reducing its size. Consistent with a 
negative regulation of ATAD3A function in mitochondrial membrane organization, ATAD3C expression led to 
increased accumulation of respiratory chain dimeric CIII in the inner membrane, to the detriment to that 
assembled in respiratory supercomplexes. Our results demonstrate a negative dominant role of the ATAD3C 
paralog with implications for mitochondrial OXPHOS function and suggest that its expression regulates ATAD3A 
in the cell.   

1. Introduction 

ATAD3 (ATPase family AAA domain-containing protein 3) is a 
mitochondrial membrane protein essential for the integrity of mito
chondrial inner membrane [1,2]. ATAD3 is a member of the family of 
ATPases proteins Associated with various cellular Activities (AAA +
ATPases) present in metazoans [3,4] and necessary for early embryonic 
development in Caenorhabditis elegans [5], Drosophila spp. [6], and 
mouse [7]. The human ortholog, ATAD3A, has been considered one of 
the five most common genes associated with severe mitochondrial dis
eases in childhood [8]. 

The family of AAA + ATPases share a highly conserved AAA domain 

that determines their assemble into oligomeric complexes, usually 
hexameric, in the form of a ring with a central channel formed by res
idues of all the subunits [9–11]. Recent structures of substrate-bound 
enzymes indicate that the ATPase domains assemble in an asymmetric 
spiral staircase around the substrate, and that a tightly coordinated 
sequential cycle of ATP hydrolysis induces conformational changes in 
the substrate target proteins translocating them through the central pore 
[12–16]. However, the substrate proteins for ATAD3 ATPases remain 
elusive. 

In cultured mammalian cells ATAD3 has been implicated in a variety 
of functions: mtDNA organization and segregation [4,17–21]; mito
chondrial morphology and dynamics, including fusion, fission, 
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biogenesis, and mitophagy [6,20,22,23]; cholesterol transfer between 
endoplasmic reticulum (ER) and mitochondria [6,24]; and steroido
genesis [25,26]. The study of muscle- and neuron-specific knockout 
mouse models established that disruption of mitochondrial cristae 
structure is the first phenotype associated with ATAD3 loss. Other pro
cesses coupled to membrane organization, such as mtDNA replication, 
respiratory supercomplexes (SC) abundance and cholesterol meta
bolism, were secondarily affected, probably as a consequence of the role 
of ATAD3 in the organization of protein complexes in the inner mito
chondrial membrane [1,2]. 

In humans, three ATAD3-derived genes ATAD3A, ATAD3B, and 
ATAD3C are annotated at the same locus on human chromosome 1. 
During evolution, the ancestral gene, ATAD3A, was duplicated in tan
dem giving rise to a close paralogue with an extension at the carboxy 
terminus, ATAD3B, and a truncated paralogue, ATAD3C [3,27]. The 
locus has been implicated in a rapidly increasing number of cases of 
pediatric-onset mitochondrial diseases, highlighting the relevance of 
ATAD3 in mitochondrial physiology. ATAD3A is the major 
disease-associated gene [22,23,28,29]. However, the high homology 
between the three genes in the region facilitates genomic rearrange
ments. Thus, recessive deletions and dominant duplications causing 
fatal perinatal mitochondrial disease have been recently described in the 
region [25,30–32]. It is unclear, however, the cellular importance of 
ATAD3A paralogs. Although a specific role in mitophagy has been 
proposed for ATAD3B [33], it could form hetero-oligomers with 
ATAD3A [34]. No experimental information is available on ATAD3C. 

Gene duplication followed by functional specialization is one of the 
primary forces by which novel gene functions can arise [35,36]. Within 
the proteome, duplications are enriched for protein families with certain 
domains, including the AAA + ATPase domain [35]. The role of the 
majority of the hominid-specific duplicated genes remains unknown, 
and many could be non-functional or redundant with their ancestral 
form [37]. However, examples of gene duplications including truncated 
genes that contributed to human brain development have recently been 
described [38–40]. 

Given the increasing importance of the human ATAD3 locus in 
mitochondrial disease, we further analyzed the specific ATAD3C 
paralog. We found that ATAD3C can interact with ATAD3A and incor
porate into the main ATAD3A assembly in the mitochondrial membrane 
reducing its size. Through molecular and functional analysis, we found 
evidence that ATAD3C but not ATAD3A expression in fibroblasts leads 
to accumulation of dimeric complex III by reducing its incorporation 
into respiratory supra-molecular structures or SC reducing cellular 
proliferation and cellular respiration. These data suggest that the 
paralog ATAD3C has the potential to negatively regulate ATAD3A 
function in the mitochondrial inner membrane organization and its 
expression levels in certain tissues should be considered in association 
with human diseases. 

2. Material and methods 

2.1. Cell culture and cell transduction 

Primary human fibroblasts derived from the skin of 1-month-old (Fb 
(1)), 3-year-old (Fb(3)) and 3.5-year-old (Fb(3.5)) subjects were ob
tained from Hospital San Joan de Déu Barcelona. Human Kidney em
bryonic cell line HEK 293T, neuroblastoma cell line SH-SY5Y, and 
fibroblasts were propagated in either high-glucose DMEM (25 mM 
glucose), low-glucose DMEM (5 mM glucose), or in DMEM no glucose 
(Gibco-Thermo Fisher Scientific) supplemented with 5 mM galactose 
and 1 mM sodium pyruvate (DMEM galactose). RPMI 8226 cells were 
propagated in RPMI medium (Gibco-Thermo Fisher Scientific). All 
media were supplemented with 10 % (v/v) fetal bovine serum (Thermo 

Fisher Scientific) and cells maintained at 37 ◦C in a 5 % (v/v) CO2 
atmosphere. 

Cell transduction was carried out using a lentiviral system as previ
ously described [41]. Lentiviral particles were generated in HEK 293T 
packaging cells by co-transfection of the gene expression constructs, 
with the packaging psPAX2 (Addgene plasmid #12260) and envelope 
pMD2.G (Addgene #12259) plasmid. To generate stable ATAD3 
expressing cells, sub-confluent cells were transduced using lentiviral 
particles, and stably expressing cells were selected using puromycin 
(final concentration of 2.5 μ g/ml for HEK 293T cells and 0.25 to 0.4 μ 
g/ml for fibroblasts) over a period of 10 days. When indicated, primary 
skin fibroblasts were immortalized by lentiviral transduction of 
pLOXTtag-iresTK plasmid (Addgene #12246). 

2.2. Gene expression constructs 

ATAD3A transcript variant 2 (NM_001170535.3; Q9NVI7-2) was 
amplified and cloned from HEK 293T total RNA; ATAD3C 
(NM_001039211.3; Q5T2N8), was amplified and cloned from RPMI 
8226 total RNA; and ATAD3B transcript variant 1 (NM_031921.6; 
Q5T9A4-1) was obtained from Dharmacon™ cDNA Clones, GE Health
care. See Table S1 for transcript variants. Open reading frames (ORF) 
were PCR-amplified from cDNA using Phusion Hot Start II DNA Poly
merase (Thermo Fisher Scientific) and primers: ATAD3A Fw: 
GTTTAAACGCCACCATGTCGTGGCTCTTCG and ATAD3A Rv: 
GGATCCTCAGGATGGGGAGGGCTCG for ATAD3A, ATAD3B Fw: 
GTTTAAACATGTCGTGGCTCTTCGGCATTAAC and ATAD3B Rv: 
GGATCCCTACAACAGGGGGTGCCCT for ATAD3B, and ATAD3C Fw: 
GTTTAAACGCCACCATGTCAAAGGACGCCCTGA and ATAD3C Rv: 
GGATCCTCAGGATGAGGGTTGCTCG) for ATAD3C. Amplified products 
were cloned using the Zero Blunt™ TOPO™ PCR Cloning Kit (Invi
trogen). To add HA-tags, the ORF were re-amplified including the HA 
coding sequence in the reverse primer (carboxyl terminus of the protein) 
except for ATAD3C-HA(N) in which HA epitope was added with the 
forward primer. Expression constructs in lentiviral pWPXLd-ires-PuroR 
target vector (version of pWPXLd, Addgene #12258) were obtained 
by restriction enzyme digestion with PmeI and BamHI and T4 DNA ligase 
mediated ligation. 

2.3. Assessment of cell proliferation rate 

Incucyte® SX5 Live-Cell Analysis System (Essen Bioscience) was 
used for monitoring cell proliferation. Cells were seeded in 96-well 
plates at 1 × 104 cells per well in high-glucose DMEM or DMEM 
galactose. Phase contrast images of the well were obtained every 12 h for 
a total period of 4 days. Measurements of cell growth were based on 
occupied area (confluence). 

2.4. High-resolution respirometry 

Exponentially growing cells were collected by trypsinization, and 
resuspended at 1 × 106 cells/ml in high-glucose DMEM. Oxygen con
sumption was monitored for 15 min at 37 ◦C using OROBOROS Oxy
graph (Anton Paar, Innsbruck, Austria), with chamber volume set at 2 
ml. The software DatLab was used for data acquisition at 1 s time in
tervals, as well as for data analysis. 

2.5. Flow cytometry estimation of ROS production 

1,5 × 105 cells were seed in 6 wells plates in low glucose medium. 24 
h latter 2′,7′-dic hlorodihydrofluorescein diacetate (DCFH-DA) (5 μ M) 
or MitoSOX™ Red (1 μ M) probes (Invitrogen™) were added in HBSS 
medium for 30 min at 37 ◦C. Cells were collected by tripsinization and 
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simple fluorescence measurements were performed in a GALLIOS cy
tometer (Beckman Coulter). Control samples were treated with100 μ M 
oxygen peroxide for 10 min after tripsinization or with1 μ M rotenone 
for 30 min in culture. 

2.6. Reverse transcription and quantitative qPCR 

Total RNA was isolated using TRIzol® reagent (Invitrogen). First- 
strand cDNA was synthesized from 1 μg of total RNA with Tran
scriptor First Stand cDNA Synthesis Kit (Roche). Relative quantification 
was performed using TaqMan Gene Expression Assays in a Viia 7 system 
(Applied Biosystems™) according to the manufacturer’s instructions. 
Actin was used as reference gene. TaqMan probes used were: ATAD3A 
(Hs01587333_m1, # 4331182); ATAD3B (Hs02577779_Mh, 
#4331182); ATAD3C (Hs03008589_g1, #4351372); β-Actin 
(Hs99999903_m1, #4333762T). Superoxide dismutase [Mn] (SOD2) 
and catalase (CAT) expression were quantified using PowerUp™ 
SYBR™ Green Master Mix (Thermo Fisher Scientific) and the primer 
pairs: hSOD2-F, TCAGGATCCACTGCAAGGAA, hSOD2-R 
CGTGCTCCCACACATCAATC and hCAT-F GGCCTTTGGCTACTTT
GAGG, hCAT-R CCGATTCTCCAGCAACAGTG respectively. Actin was 
used as a reference, hACTB-F ccaaccgcgagaagatga and hACTB-R 
ccagaggcgtacagggatag. 

2.7. Mitochondrial isolation and sub-fractionation 

Mitochondrial fractions were isolated from HEK 293T cells essen
tially as described previously [42] and from human fibroblasts as 
described [43]. To prepare submitochondrial fractions, freshly isolated 
mitochondria were resuspended in (10 mM Tris-Cl, 100 mM NaCl, pH 
7.4) at a protein concentration of 5 mg/ml. After 5 cycles of 
freeze-thawing were either sonicated (UP 200S Ultrasonic Processor, 
Hielscher) or treated with 100 mM Na2CO3 (pH 11.3), and centrifuged 
for 1 h, 18 000×g at 4 ◦C. The resulting supernatant and pellet fractions 
were subsequently dissolved and/or mixed with SDS–PAGE sample 
buffer. For the protease protection assay, freshly isolated mitochondria 
(~11 μ g of protein) were resuspended in TL buffer (30 mM Tris-HCl, pH 
7.4, 4 mM Mg-acetate, 5 mM ε-amino-n-caproic acid, 50 mM NaCl, 1 mM 
ATP) and incubated for 20 min at 25 ◦C with trypsin (final concentration 
50 μ g/ml) and with increased amounts of digitonin (0, 25, 75, 150, 300 
and 900 μ g) to progressively dissolve the outer and the inner mito
chondrial membranes. Subsequently, the samples were incubated with 
DNase at room temperature for an additional 5 min. A control sample to 
assess the integrity of the mitochondria was treated with trypsin but not 
digitonin. The control for complete protein digestion was treated with 
trypsin in the presence of 1 % Triton X-100. Trypsin digestion was 
stopped by 25 μ l of PBS with 10 % FBS, and the samples were routinely 
processed for SDS–PAGE. 

2.8. Coimmunoprecipitation experiments 

For anti-HA coimmunoprecipitation, mitochondria (~200 μ g of 
protein) were solubilized with 1 % digitonin in Solubilization Buffer (50 
mM Tris HCl pH 7.4, 150 mM NaCl, 10 % glycerol, 1 mM EDTA,1 % 
protease inhibitor cocktail (EASYpack, Roche)) at a protein concentra
tion of 5 mg/ml, 30 min at 4 ◦C with gentle agitation. Non-solubilized 
material was removed by centrifugation at 10 000×g, for 10 min at 
4 ◦C, and 1 volume of solubilization buffer without digitonin was added 
to the supernatant. The extracts were incubated for 2 h and 30 min at 
4 ◦C with gentle agitation with 0.2 mg of anti-HA-magnetic beads 
(Pierce Anti-HA Magnetic Beads). Magnetic beads were previously 
washed 3 times with Washing Buffer (50 mM Tris HCl pH 7.4, 150 mM 
NaCl, 10 % glycerol, 1 mM EDTA, 0.2 % digitonin, and 1 % protease 
inhibitor cocktail). The magnetic beads containing bound immuno
complexes were washed ten times with Washing Buffer and next incu
bated with sample buffer (20 % glycerol (v/v), 8 % SDS, 0.04 % 

Bromophenol blue (p/v), 0.16 M Tris HCl pH 6.8) at 95 ◦C for 5 min to 
denature and release the immunocomplexes. 

2.9. Liquid chromatography mass spectrometry (see supplementary 
methods) 

2.9.1. SDS-PAGE, BN-PAGE and Western blot 
Electrophoresis and Western blotting were performed using standard 

methods. For SDS-PAGE, total cell protein was extracted with RIPA 
buffer (MILLIPORE) and 30–40 μ g of protein was loaded in poly
acrylamide gels between 7 % and 14 %. 1D-BN-PAGE was performed as 
described previously [44]. Briefly, mitochondrial proteins (~200 μg of 
protein) were solubilized with 1.5 % (w/v) digitonin in TL buffer (30 
mM Tris-HCl, pH 7.4, 4 mM Mg-acetate, 5 mM ε-amino-n-caproic acid, 
50 mM NaCl, 1 mM ATP) with 1 % protease inhibitor cocktail (EASY
pack, Roche) at a protein concentration of 5 mg/ml (in 40 μl) by incu
bation in an orbital shaker for 20 min at 4 ◦C, then centrifuged for 20 
min, 13 000×g, at 4 ◦C, and the supernatant was mixed with BN–PAGE 
sample buffer. Pre-cast NativePAGE™ 3–12 % gradient Bis-Tris Protein 
Gels (Invitrogen™), NativePAGE™ Running Buffer and NativePAGE™ 
Cathode Buffer Additive (Novex®, Life technologies), sample buffer 5X 
(5 % of Blue G-250 in 0.75 M aminocaproic acid, 50 mM Bis-Tris/HCl pH 
7) and NativeMark™ Unstained Protein Standard (Invitrogen™) were 
used. For 2D-SDS-PAGE, the lanes of the 1D Blue Native gel were cut out, 
incubated for 1 h at room temperature in water with 1 % SDS and 1 % 
β-mercaptoethanol, and arranged horizontally in the single well of an 
SDS-PAGE-Tricine gel. Blots were obtained using wet 
electro-transference (Trans-Blot Cell, Bio-Rad) and were developed 
using Western Blotting Substrate (Pierce). Western blot signals were 
acquired using Amersham imager 600 system (GE Healthcare Life Sci
ence). The resulting digital images were analyzed using the Image
QuantTL Amersham (GE Healthcare Life Science). 

2.9.2. Antibodies 
Polyclonal antibodies were used against: ATAD3A (Sigma, 

#SAB1400606-50UG); ATAD3A (Abnova, #H00055210-D01, only 
when indicated); ATAD3B (Sigma, #HPA058968); complex III iron- 
sulfur subunit, UQCRFS1 (Invitrogen, #PA521420). Monoclonal anti
bodies were used against: HA (Roche, #11867423001); complex II 
subunit SDHA (Thermo Fisher Scientific, #459200); complex II subunit 
SDHB (Thermo Fisher Scientific, #459230); complex III subunit 
UQCRC2 (Abcam, #ab14745); ATP synthase subunit C, ATP5MC1 
(Abcam, #ab181243); ATP synthase subunit alpha, ATP5A1 (Invi
trogen, #459240); complex IV subunit I, COX1 (Thermo Fisher Scien
tific, #459600); complex I subunits: NDUFA9 (Thermo Fisher Scientific, 
#459100) and NDUFB8 (Thermo Fisher Scientific, #459210); TOM20 
(SantaCruz biotechnology, #Sc11415); VDAC1 (Abcam, #14734); 
Hsp60 (Sigma, #H4149); α-Tubulin (Sigma, #T6074). Total OXPHOS 
Human WB Antibody Cocktail (Abcam, #ab110411). 

2.10. Statistical analysis 

Statistical analyses were performed using non-parametric Mann- 
Whitney U test (StatView 5.0). The results are expressed as mean ± SD; 
p < 0.05 was considered statistically significant. Experiments were 
performed at least in triplicate. 

3. Results 

3.1. ATAD3C retains the AAA domain structure of ATAD3A and 
ATAD3B 

To estimate when the evolutionary duplication occurred at the 
ATAD3 locus, we searched the NCBI Reference sequence (RefSeq) 
database [45] for the terms “ATAD3C″ and “ATPase family AAA 
domain-containing protein 3C”. In animals, the gene is present in two 
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families of primates, the Cercopithecidae and the Hominidae, indicating 
that the duplication event occurred before Great Apes and Old-World 
Monkeys divided 25 million years ago [46]. 

ATAD3C contains an open reading frame and encodes a protein ho
mologous to ATAD3A and ATAD3B but truncated in the N-terminal re
gion. The truncated protein retains the characteristic AAA + domain 
(Fig. 1A, Supplementary Fig. S1). Based on structural topology the AAA 
+ domain consists of a wedge-shaped subdomain that has β-sheets of 
parallel strands, arranged in a β 5– β 1– β 4– β 3– β 2 sequence at its core, 
connected by loops of short α-helices and a conserved α-helical bundle at 
the C terminus [10,47]. The tridimensional ATAD3C folding, obtained 
with the AlphaFold algorithm [48], matched with the predicted folding 
for ATAD3A and ATAD3B and preserved the structural integrity of its 
AAA + domains (Supplementary Fig. S2). 

Using the BLAST program [49], we search for human AAA + family 
members with high homology with ATAD3C. The closest relatives of 
ATAD3C were its paralogs ATAD3A and ATAD3B, followed by proteins 
of the subfamily of AAA ATPases, mainly from three of the six major 
clades: the MSP1/katanin/spastin group, the proteasome subunits, and 
the metalloproteases clade (Supplementary Tables S2, S3 and S4). In 
addition to the distinctive Walker A and B motifs in the ATP binding 
region of the AAA domain, the AAA subfamily contains a conserved 
arginine downstream of the Walker B motif and a highly conserved 
motif, the Second Region of Homology (SRH) adjacent to the arginine 
finger (arginine position 1) [9,11,50]. Clustal alignment of t human 
ATAD3 paralogs and several members of the AAA subfamily showed that 
ATAD3A, ATAD3B and ATAD3C protein sequences contain the common 
motifs, except for the arginine at position 2. Instead they contain the 
arginine at position 3 (Fig. 1B). Remarkably, ATAD3C lacks the arginine 
finger that is highly conserved in most AAA + proteins with only minor 
exceptions [11,50]. The predicted hydrogen bonds of arginines 1 and 4 
with other protein residues differ among paralogs (Supplementary 
Fig. S3). 

Collectively, these results indicate that ATAD3 protein paralogs 
belong to the AAA subfamily of AAA + ATPases and suggest that 
ATAD3C, despite being truncated relative to ATAD3A, could generate a 
correctly folded AAA protein. 

3.2. ATAD3C expression is lower than that of ATAD3A and ATAD3B in 
human tissues and cell lines 

Data from RNA-seq analyses on 50 human tissues from the Genotype- 
Tissue Expression (GTEx) project [51], collected at the expression Atlas 
[52], revealed similar but distinct expression patterns for ATAD3A and 
its paralogs trough the tissues (Fig. 1C). ATAD3A and ATAD3B were 
expressed in all tissues tested, with absolute levels of expression in 
transcripts per million (TPM) ranging from 7 to 30 TPM for ATAD3A and 
from 4 to 28 TPM for ATAD3B (being medium level between 11 and 
1000 TPM; low level between 0.5 and 10 TPM; and cutoff below 0.5 
TPM). ATAD3C expression levels were overall lower, from 0.4 to 11 
TPM, with thyroid and prostate glands, tibial nerve and C1 segment of 
cervical spinal cord showing the highest expression. Six tissues, 
including transformed skin fibroblasts, displayed levels of expression of 
ATAD3C close to or below the detection threshold (Fig. 1C). Interest
ingly, the Human Developmental Biology Resource (HDBR) [52,53] 
detected ATAD3C expression during prenatal human brain development 
with the highest expression in forebrain at 13 post conception weeks (12 
TPM vs. ATAD3A 18 TPM). In general, the relative amount of expression 
of each paralog throughout human tissues was A ≥ B > C (Fig. 1C). A 
similar trend was observed in cell lines, analyzing RNA-seq datasets 
obtained from the Human Protein Atlas [54], with the exception of the 
RPMI 8226 cell line (B lymphocytes obtained from a plasmacytoma 
patient) that shows higher expression of ATAD3C than of ATAD3B 
(Fig. 1D). 

We used highly specific quantitative TaqMan real-time PCR assays to 
measure the expression of the ATAD3 paralogs in three selected 

immortalized human cell lines, HEK 293T, RPMI 8226 and SH-SY5Y, 
and in primary human-derived fibroblasts (Fb). The relative expres
sion of ATAD3A and ATAD3B among cell lines was comparable with that 
detected in RNAseq experiments (Fig. 1 E). However, we only detected 
ATAD3C expression in RPMI-8226 cells (Fig. 1F). Under conditions of 
mitochondrial biogenesis (galactose medium), qPCR assays detected an 
increase in the relative steady-state levels of ATAD3A and ATAD3B 
transcripts in immortalized cells but not in primary cells (Fig. 1 G). 
Under these conditions, ATAD3C was also detected only in the RPMI 
8226 cell line. Consistent with its higher expression, we were able to 
clone the ATAD3C transcript (NM_001039211.3) encoding a 46.4 kDa 
protein (Q5T2N8) from this cell line but not from HEK 293T or SH-SY5Y. 

In conclusion, at the human ATAD3 locus, ATAD3C is not ubiqui
tously expressed in human tissues and its expression is usually lower 
than the expression of its paralogs. However, some tissues show medium 
expression levels in TPMs. 

3.3. ATAD3C is translated into a mitochondrial outer membrane protein 
in cultured cells 

We next used mass spectrometry (MS) to determine whether the 
ATAD3C gene produces a protein. Using a targeting approach, two 
unique ATAD3C peptides were detected in HEK 293T cells, consistent 
with gene expression detected by RNAseq in the cell line. MS failed to 
identify unique ATAD3C peptides in fibroblasts, in which gene expres
sion was not detected by RNAseq (Supplementary Fig. S4). In these 
experiments, several unique peptides of ATAD3A (isoform 2, Q9NVI7-2) 
and ATAD3B (isoform 1, Q5T9A4-1) respectively were detected in both 
cell types (Supplementary Table S1, Supplementary Figs. S4 and S5). 

Using a lentiviral system, we stably expressed a hemagglutinin- 
tagged version of ATAD3C (ATAD3C-HA) in the HEK 293T cell line 
(HEK 293T-ATAD3C-HA). In a subsequent immunoblot of whole-cell 
lysate, a band was detected with anti-HA immunoreactivity at the ex
pected size (theoretical mass: 47.5 kDa) confirming that the ATAD3C 
ORF generates a protein (Fig. 2A). To examine the relative steady-state 
levels of ATAD3 proteins in HEK 293T cells, we used commercial anti
bodies raised against ATAD3A and ATAD3B. Given the high sequence 
similarity between ATAD3 paralogs, the antibodies did not exclusively 
detect the protein they were raised against. Two close bands appeared 
when using specific anti-ATAD3A antibodies, the more intense one 
corresponding to ATAD3A at the expected size (isoform 2, theoretical 
mass: 66.2 kDa) and the less intense consistent with the ATAD3B protein 
(isoform 1, theoretical mass of 72.6 kDa). Two bands appeared also with 
an antibody raised against ATAD3B being more intense the upper one 
considered ATAD3B. Cells expressing the main transcript for each 
paralog, or its HA-tagged version, were used as controls in immunoblot 
detections (Fig. 2A). Remarkably, the antibodies tested against ATAD3A 
or ATAD3B did not detect any band of the size expected for ATAD3C. 

ATAD3C possess a putative mitochondrial leader sequence (TM1) 
that is common for the three ATAD3 paralogs and could direct its import 
into mitochondria (Fig. 1A) [6]. By cell sub-fractionation we confirmed 
that ATAD3C-HA was found highly enriched in mitochondrial fractions 
of HEK 293T cells. To determine in which mitochondrial fraction, sol
uble or membranous, mitochondria isolated from HEK 293T cells 
overexpressing ATAD3C-HA were subjected to either sonic treatment or 
alkaline carbonate extraction. Sonic treatment showed that ATAD3C is a 
membrane protein (Fig. 2B). Upon alkaline extraction of mitochondrial 
membranes at pH 11.3, ATAD3C-HA behaved like VDAC1 or UQCRFS1 
(markers of outer (OMM) or inner (IMM) mitochondrial membrane, 
respectively) indicating tight association with the membrane. HSP60 
and SDHA proteins, that lack transmembrane domains, were used as 
markers of soluble protein (HSP60), or weakly associated with the 
membrane (SDHA), and, as expected, were extracted from the mem
brane at high pH (Fig. 2B). To further define the submitochondrial 
location, we took advantage of the HA epitope located either at the 
amino- or the carboxy-terminus of ATAD3C. Mitochondria isolated from 
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Fig. 1. ATAD3C share conserved domains with ATAD3A and ATAD3B although its expression is lower in tissues and in most cell lines. 
A. Schematic representation of human ATAD3C, ATAD3A and ATAD3B predicted protein domains. A flexible proline-rich region (PRM), two predicted coiled-coil 
domains (CC1 and CC2), the predicted transmembrane sequences (TM1 and TM2), and the AAA + ATPase domain conserved in the AAA + protein family, are 
indicated. The NPS@ Web server was used for the predictions [55]. 
B. Fragment alignment of several proteins of the AAA ATPase subfamily in Blastp highlighting the main conserved residues. Walker A and B motifs and the second 
region of homology (SRH) are highlighted in red and yellow, respectively. Arginine finger (position 1) and other conserved arginines (positions 2, 3 and 4) are 
colored in blue. Beta sheet and alpha helices are indicated. 
C. ATAD3A, ATAD3B and ATAD3C expression data in 50 human tissues obtained by RNA-seq analyses from the Genotype-Tissue Expression (GTEx) project. 
D.ATAD3A, ATAD3B and ATAD3C expression data in cell lines, obtained by RNA-seq analyses in the Human Protein Atlas. 
E. Relative expression of ATAD3A, ATAD3B and ATAD3C mRNAs in cell lines. Expression data obtained by qPCR are presented as mean ± SD. ATAD3C expression 
was below the detection threshold. The asterisks represent the significance level calculated by non-parametric Mann-Whitney U test, *p < 0.05 (vs. ATAD3A 
expression in HEK 293T cell line, considered 100 %, dashed line). 
F. Expression of ATAD3A, ATAD3B and ATAD3C mRNAs in RPMI 8226 cells. Expression data obtained by qPCR are presented as mean ± SD. The asterisks represent 
the significance level calculated by non-parametric Mann-Whitney U test, *p < 0.05 (vs. ATAD3A expression considered 100 %). 
G. Relative expression of ATAD3A, ATAD3B and ATAD3C mRNAs in cell lines under conditions of mitochondrial biogenesis. Glucose and galactose indicate the 
monosaccharide present in the cell culture medium. Data are presented as mean ± SD. ATAD3C expression was below the detection threshold. The asterisks represent 
the significance level calculated by non-parametric Mann-Whitney U test, *p < 0.05 (vs. expression in the same cell line grown in glucose). 
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HEK 293T-ATADC3-HA cells were subjected to the disruption of the 
outer mitochondrial membrane with increasing doses of digitonin and 
the sensitivity of HA to externally added trypsin was assessed. When the 
amino-terminus was HA tagged (N) it behaved similarly to TOMM20 
(OMM protein), but not to AIFM1 (intermembrane space protein, IMS), 
or SDHB (mitochondrial matrix protein), indicating that it could be 
exposed to the cytosol. Interestingly, in this assay ATAD3A also behaved 
like an OMM protein (Fig. 2C). When the ATAD3C carboxy-terminus was 
HA-tagged (C), the HA immunoblot signal was found to be highly sen
sitive to protease addition compared with a matrix protein (SDHB). It 
was comparable to that of an IMS protein, AIFM1, (Fig. 2C), indicating 
that the carboxy -terminus is exposed within the IMS. 

We concluded from these results that human ATAD3C is an integral 
membrane protein that exposes its carboxy-terminus to the intermem
brane space and its protruding amino-terminus to the cytosol. 

3.4. ATAD3C dimerizes and interacts with ATAD3A 

AAA ATPase domains are involved in dimerization and further 
oligomerization is required for protein activity. To gain insight into the 
oligomerization capacity and possible interactions of ATAD3C with its 
paralogs, we carried out anti-HA immunoprecipitation (IP) under non
denaturing conditions using HEK 293T-ATAD3C-HA isolated mito
chondria. Western blot screen of the samples demonstrated that 
ATAD3A co-immunoprecipitated (co-IP) with ATAD3C-HA, indicating 
physical interaction, whereas several mitochondrial respiratory chain 
proteins (UQCRC2 and ATPA51) were detected in the non-IP fraction 
(Fig. 2D). The subsequent examination of the co-IP products by immu
nodetection and MS found ATAD3A and ATAD3B in the ATAD3C-HA co- 
IP (Fig. 2E and Supplementary Fig. S6). 

We next carried out anti-HA IP of mitochondria isolated from HEK 
293T cell lines overexpressing either ATAD3A-HA or ATAD3B-HA, and 
analyzed all the co-IP fractions using non-reducing SDS-polyacrylamide 
gels. The anti-HA antibody detected ATAD3A-HA in two bands one 
corresponding to the monomer at the expected size of around 67 kDa 
(theoretical mass: 67.3 kDa), and the other one migrating a little slower 
consistent with a dimer (theoretical mass: 134.6 kDa) (Fig. 2F). The 
pattern matches that observed for endogenous ATAD3A (Fig. 2G). In the 
blot, ATAD3B-HA was found mainly as a monomer (theoretical mass: 
73.7 kDa), and ATAD3C-HA was found in a band corresponding to a 
monomer (theoretical mass: 47.5 kDa) and a second band, showing a 
smear that could contain a dimer (theoretical mass: 95 kDa) but could 
also indicate dimerization of ATAD3C with its higher molecular weight 
paralogs (Fig. 2F). Endogenous ATAD3A was found in the co-IPs of the 

three paralogs (Fig. 2G). Subsequent examination of the co-IP products 
by MS found that just as ATAD3A and ATAD3B co-IP with ATAD3C-HA, 
the reverse was also true, endogenous ATAD3C interacted with 
ATAD3A-HA and ATAD3B-HA. Under these conditions, we did not find 
interaction of ATAD3B with ATAD3A-HA (Fig. 2E and Supplementary 
Fig. S6). 

In conclusion, ATAD3C-HA could physically interact with both 
ATAD3A and ATAD3B but showed less tendency to form homodimers 
than ATAD3A suggesting a possible regulatory role for ATAD3C by 
forming heterodimers with its paralogs. 

3.5. Human fibroblasts expressing ATAD3C exhibited reduced growth 
rate, diminished cell respiration and increased ROS production 

In an attempt to characterize the physiological significance of the 
interaction of ATAD3C with its paralogs, we used a gain-of-function 
approach in primary human derived skin fibroblasts. The HA-tagged 
versions of the three ATAD3 paralogs were expressed in fibroblasts. 
Western blot screen of whole-cell lysates showed a robust expression for 
ATAD3A-HA and ATAD3C-HA (Fig. 3A). The steady-state levels of 
multiple OXPHOS subunits: ATP5MC1 of CV, UQCRC2 of CIII, NDUFB8 
of CI, and COX1 of CIV, were similar to those of control cells in all the 
cases (Fig. 3A). MitoTracker staining and fluorescence microscopy 
showed that HA staining matched the mitochondrial reticulum in the 
cells expressing ATAD3A-HA or ATAD3C-HA (Supplementary Fig. S7). 
ATAD3B-HA expression was not detected by immunocytochemistry. 
Transmission electron microscopy images generally revealed normal 
mitochondrial cristae in the gain-of-function cells (Supplementary 
Fig. S8). 

To assess the overall effect on cell viability, we measured the growth 
rates of control and ATAD3 overexpressing fibroblasts over a time course 
of 5 days. We found significant growth retardation associated with the 
overexpression of ATAD3C-HA when galactose medium was used, sug
gesting that the protein expression interferes with normal cell prolifer
ation when oxidative phosphorylation is required (Fig. 3B). In 
agreement, oxygen consumption was significantly reduced in fibroblasts 
overexpressing ATAD3C-HA, whereas overexpression of ATAD3A-HA 
did not modify cell respiration (Fig. 3C). No decrease in mtDNA levels 
was detected in the overexpressing cells (Supplementary Fig. S9). 

Since the respiratory chain is an important site of superoxide radical 
anion (O2

•− ) [56], we performed an assessment of the cellular redox 
state using DCFH-DA probe. Fb(1) overexpressing ATAD3C-HA showed 
significantly higher DCFH oxidation, indicating that reactive oxygen 
species (ROS) are increased in this cell line (Fig. 3D). MitoSOX oxidation 

Fig. 2. ATAD3C is translated into a mitochondrial outer membrane protein that interacts with ATAD3A 
A. SDS–PAGE analysis of HEK 293T and HEK 293T overexpressing ATAD3A, ATAD3B and ATAD3C proteins or HA tagged versions. β-Tubulin was used as loading 
control. HA, hemagglutinin epitope. N and C indicate location of the HA epitope in the amino- or carboxy-terminal end of ATAD3C. 
B. Sub-mitochondrial localization of ATAD3C. Mitochondria (mt) were isolated from HEK 293T cells overexpressing ATAD3C-HA and disrupted by sonication or 
extracted with sodium carbonate and separated into pellet (P) and supernatant (Sn) fractions by centrifugation. Fractions were analyzed by SDS–PAGE and 
immunoblotting. HSP60 served as a soluble protein marker, VDAC1 and UQCRFS1 as membrane embedded protein markers and SDHA as associated membrane 
protein marker. 
C. Sub-mitochondrial topology of ATAD3C-HA. Mitochondria were isolated from HEK 293T cells overexpressing ATAD3C tagged with the -HA epitope in the amino 
(N) or carboxy-terminal end (C) and treated in the absence or presence of increasing amounts of digitonin, trypsin (50 μg/ml), or triton-X100 (1 %), as indicated. 
Fractions were analyzed by SDS–PAGE and immunoblotting. TOM20 served as outer mitochondrial membrane marker (OMM), AIF as intermembrane space marker 
(IMS); UQCRFS1 as inner mitochondrial membrane marker (IMM) facing the IMS, and SDHB as a protein facing the matrix. 
D. SDS-PAGE analysis of proteins immunoprecipitated with anti-HA-conjugated magnetic beads. HEK 293T and HEK 293T-ATAD3C-HA isolated mitochondria were 
subjected to anti-HA immunoprecipitation, and fractions were separated by SDS–PAGE and immunodetected sequentially with specific antibodies (anti-HA, anti- 
ATAD3A and OXPHOS antibody cocktail). 
E. Unique peptides of ATAD3A, ATAD3B and ATAD3C proteins detected by LC-MS/MS in samples subjected to immunoprecipitation with anti-HA magnetic beads. 
The isoforms of the ATAD3 paralogs to which the detected peptides correspond are indicated in green and the cell lines in which they have been found are indicated 
in orange. 
F., G. Analysis of ATAD3A, ATAD3B and ATAD3C oligomer formation by non-reducing SDS-PAGE in HEK 293T cells and HEK 293T overexpressing ATAD3 paralogs. 
Co-IPs of HEK 293Tcells, or HEK 293T expressing ATAD3A-HA, ATAD3B-HA or ATAD3C-HA were separated by SDS–PAGE in non-reducing conditions and 
immunodetected with anti-HA antibody (F) and anti-ATAD3A antibody (Abnova) (G). AHA1 and AHA2 indicate ATAD3A-HA monomer and dimer respectively. BHA1 
indicates ATAD3B-HA monomer. CHA1 and CHA2 indicate ATAD3C-HA monomer and dimer respectively. A1 and A2 indicate endogenous ATAD3A monomer and 
dimer respectively. 
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was also significantly higher, similar to that observed in as in fibroblasts 
in which O2

•− production was promoted by inhibition of complex I with 
rotenone [57] (Fig. 3D). However, since we did not perform specific 
identification of the 2-hydroxyethidium product [58] and, in an alter
native approach, the in vivo expression of antioxidant enzyme systems 
such as mitochondrial SOD2 for O2

• − , and matrix catalase for H2O2, were 
not found to be increased (Fig. 3E), we could not conclude that cellular 
ROS generation occurred in mitochondria. 

Collectively, these results indicate that overexpression of ATAD3A is 
well tolerated by the cells, whereas ATAD3C gain of function results in 
increased cellular ROS levels and reduced mitochondrial respiration, 
albeit with normal steady-state levels of multiple OXPHOS subunits. 

3.6. ATAD3C is incorporated into membrane assemblies of ATAD3A and 
modifies the assembly pattern of respiratory complexes 

To dissect the ATAD3 membrane assemblies, mitochondrial mem
branes were solubilized with digitonin and subjected to blue native 
electrophoresis (BNGE). In human fibroblast, endogenous ATAD3A was 
immunodetected in a large 800–900 kDa complex (Fig. 3F), as previ
ously described [2,7]. 

When membranes of fibroblasts expressing ATAD3A-HA were 
analyzed, a pattern of at least four protein complexes with a broad mass 
distribution, containing the HA epitope, was immunodetected. To esti
mate the mass of these assemblies we compared their in-gel motility with 
that of digitonin-solubilized respiratory complexes [59] (Fig. 3G and 
Supplementary Fig. S10). ATAD3A-HA over-accumulated in a broad 
band with electrophoretic mobility compatible with monomers and di
mers (AHA1: 1,1 to 1,9 times the monomer size), followed by 
sub-assemblies compatible with tetramers (AHA2: 3.9 times the mono
mer size) and heptamers (AHA3: 6.9 times the monomer size) (Fig. 3G, 
Supplementary Fig. S10). These results could be compatible with olig
omerization by union of dimers with tetramers to yield hexamers similar 
to those described for other AAA ATPases using techniques of analysis of 
purified proteins. Other peptides and/or membrane lipids should asso
ciate with them to form the large molecular weight ATAD3A complex. 

When starting from fibroblasts expressing ATAD3C-HA, the HA 

signal accumulated significantly in two assemblies, one compatible with 
monomers (CHA1: 1 to 1.4 times the monomer size), and a second one 
with a size that could correspond to trimers (CHA2) (Fig. 3G). In contrast 
to ATAD3A-HA, high molecular weight ATAD3C-HA homoassemblies 
were not clearly identifiable, indicating a low tendency to form inde
pendent high molecular weight homoassemblies. This is consistent with 
the low dimerization tendency observed for ATAD3C in whole-cell ho
mogenates. Remarkably, immunodetection of endogenous ATAD3A 
protein in cells expressing ATAD3C-HA revealed a reduction in the size 
of the major membrane assembly of ATAD3A, usually detected at 
800–900 kDa. The mobility shift was observed in three independent 
fibroblast cell lines (Fig. 3H and Supplementary Fig. S11), suggesting 
that ATAD3C subunits may be replacing subunits of ATAD3A in the main 
oligomeric assembly. Subsequent immunodetection with specific anti
bodies against proteins of respiratory complexes showed no variation in 
the abundance of complexes II, or IV, but revealed accumulation of 
dimeric CIII (CIII2) in ATAD3C gain of function cells, to the detriment of 
that assembled in respiratory supercomplexes (Fig. 3I). 

To further examine ATAD3 assemblies, mitochondrial membranes 
solubilized with digitonin were resolved using two-dimensional (2D) 
BNGE. Immunoblots allowed better resolution of endogenous complexes 
and revealed that most of endogenous ATAD3A was found as part of two 
low molecular weight assemblies (Fig. 3J(A)). The large assembly of 
ATAD3A at 800–900 kDa was also detected. Subsequent immunode
tection with specific antibodies against respiratory complexes showed 
that, consistent with what was observed in 1D-BNGE, in human fibro
blasts complex III was found mainly in supercomplexes (Fig. 3J(A)). 

When fibroblasts overexpressing ATAD3A-HA were analyzed by 2D- 
BNGE, a pattern of subcomplexes containing the HA epitope, similar to 
those observed by 1D-BNGE, was detected up to the 800–900 kDa 
complex. Overexpression of ATAD3A-HA resulted in increased steady- 
state levels of the 800–900 kDa assembly compared to control fibro
blasts (Fig. 3J(B)). These observations confirmed that the overexpressed 
tagged isoform is integrated into the endogenous complex. 

In fibroblasts overexpressing ATAD3C-HA, the 2D blots confirmed 
the reduction in the size of the 800–900 kDa ATAD3A assembly already 
observed in 1D-BNGE. Anti-HA immunoreactivity was detected at the 

Fig. 3. ATAD3C is incorporated into ATAD3A membrane assemblies decreasing cellular oxidative phosphorylation. 
A. Steady-state levels of HA tagged and respiratory chain proteins in fibroblasts Fb(1) and Fb(1) overexpressing ATAD3A-HA, ATAD3B-HA or ATAD3C-HA. Total cell 
lysates were resolved by SDS–PAGE and immunodetected with antibodies specific to -HA epitope, ATAD3A, ATAD3B and respiratory complex proteins as indicated. 
α-tubulin was used as loading control. 
B. Doubling time (days) of fibroblasts Fb(1), Fb(3), and Fb(1) overexpressing ATAD3A-HA or ATAD3C-HA in glucose and galactose containing media. Data are 
presented as mean ± SD (n = 4). Statistical significance was evaluated with the non-parametric Mann-Whitney U test,*p < 0.05 (vs. Fb(1) glucose; #p < 0.05 (vs. Fb 
(1) galactose). 
C. Basal oxygen consumption rate of fibroblasts Fb(1), and Fb(1) expressing ATAD3A-HA or ATAD3C-HA. Data are presented as mean ± SD. Statistical significance 
was evaluated with the non-parametric Mann-Whitney U test, *p < 0.05 (vs. Fb(1)). 
D. Cell fluorescence intensity of DCFH-DA and MitoSOX probes measured by flow cytometry. Fluorescence data in arbitrary units (a.u.) are presented as mean ± SD. 
Data are presented as mean ± SD. Statistical significance was evaluated with the non-parametric Mann-Whitney U test, *p < 0.05 (vs. Fb(1)), #p < 0.05 (vs. Fb(1)- 
ATAD3A-HA). 
E. Relative expression of CAT and SOD2 mRNAs in fibroblasts Fb(1) and Fb(1) expressing the HA-tagged version of ATAD3A and ATAD3C. Data are presented as 
mean ± SD. Statistical significance was evaluated with the non-parametric Mann-Whitney U test *p < 0.05 (vs. Fb(1) considered 100 %). 
F. Detection of ATAD3A assembly in the mitochondrial membrane of human fibroblasts. Mitochondria were solubilized with digitonin and native complexes were 
resolved by BNGE and immunodetected with anti-ATAD3A. 
G. Detection of ATAD3 assemblies in fibroblasts Fb(1) and Fb(1) expressing the HA-tagged version of ATAD3-palalogs. Mitochondria were solubilized with digitonin 
and native complexes were resolved by BNGE and immunodetected with specific anti-HA antibody followed by anti- UQCRC2 (CIII) and SDHB (CII) antibodies. The 
Mw of the main bands detected with anti-HA was estimated comparing their in-gel motility with that of respiratory complexes, AHA1: 1,1 to 1,9 times the monomer 
size; AHA2: 3.9 times the monomer size; AHA3: 6.9 times the monomer size; CHA1: 1 to 1.4 times the monomer size; CHA2 band that could correspond to trimers. 
H. Detection of the main ATAD3A assembly in the mitochondrial membrane of three human fibroblasts, Fb(1), Fb(3), and Fb(3.5), overexpressing or not ATAD3C- 
HA. Digitonin treated mitochondria were resolved by BNGE and immunodetected with anti-ATAD3A antibody. 
I. Detection of native respiratory complexes in three human fibroblasts, Fb(1), Fb(3), and Fb(3.5) overexpressing or not ATAD3C-HA. Digitonin treated mitochondria 
were resolved by BNGE and immunodetected with specific antibodies: anti-UQCRC2, anti-COX1 and anti-SDHB sequentially. 
J. Characterization of ATAD3 assemblies and OXPHOS complexes by two-dimensional electrophoresis in Fb(1), and Fb(1) expressing ATAD3A-HA or ATAD3C-HA. 
Mitochondrial fractions were extracted and separated by 1D-BNGE followed by 2D-PAGE. 1 and 2 indicate independent blots. Antibody hybridization was sequential 
for each blot. The positions of subunits of respiratory complexes CI, CII, and CIV, were used to align the immunoblots and correlate with the Mw in 1D-BNGE: CI 
holoenzyme (970 kDa), ATP synthase holoenzyme (600 kDa), ATP synthase dimer (1200 kDa), F1-ATPase subcomplex (370 kDa), complex III dimer (500 kDa), and 
complex IV monomer (200 kDa), respectively. 
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equivalent position, indicating the incorporation of ATAD3C-HA sub
units to the assembly. ATAD3C-HA was also found in two low molecular 
weight subassemblies previously observed (Fig. 3J(C)). In these cells, 
CIII was accumulated as CIII2 whereas in control fibroblasts or in those 
overexpressing ATAD3A-HA was mainly found in SC. The distribution of 
CII and CIV was not altered (Fig. 3J(C)). 

These results demonstrate that ATAD3C disrupts the main ATAD3A 
complex in the mitochondrial membrane leading to impaired supra- 
molecular organization of respiratory complexes. 

4. Discussion 

In this work, we used molecular and functional approaches to define 
the cellular activity of ATAD3C, a truncated paralog of ATAD3A. We 
estimate that the segmental duplications of ATAD3A to generate 
ATAD3B and ATAD3BC could have taken place during primate specia
tion, in the last 25–40 million years in the period when many segmental 
duplications arose in the human genome [60]. Our data suggest that 
ATAD3C gene generates a protein that negatively regulates the function 
of the protein it derives from. Interestingly, paralogs encoding a trun
cated form of the ancestral gene were recently identified as contributors 
to human brain evolution. In examples such as SRGAP2C and ARH
GAP11B, segmental duplications were incomplete and truncations were 
generated that facilitated antagonistic interactions with the parental 
gene in the first case [38] or gave rise to new functions in the second case 
[36]. The segmental duplications in human ATAD3 locus are involved in 
recurrent rearrangements associated with mitochondrial disease [28] 
whose severity highlights the importance of molecular and functional 
study of the ATAD3 paralogs. Whereas dominant or recessive ATAD3A 
variants have been reported in patients with mitochondrial disease, 
pathological variants affecting exclusively ATAD3B or ATAD3C genes 
have not been described. A subject with a deletion of ATAD3C and 
ATAD3B, not involving ATAD3A, was assigned a clinical diagnosis 
associated with a second heterozygous deletion suggesting that homo
zygous deletion of ATAD3C and ATAD3B does not have a substantial 
impact on phenotype [23]. 

ATAD3C has lower expression than ATAD3A or ATAD3B in post 
mitotic tissues, however, at the protein level we found ATAD3C peptides 
in the HEK 293T cell line, as described in a previous work [61], con
firming that ATAD3C is a true paralog. Quantitative proteomic assays 
have also identified ATAD3C in human tissues (lung and tonsil) [62]. In 
HEK 293T cells, we also detected unique peptides compatible with 
ATAD3A or ATAD3B isoforms previously detected by immunodetection 
[3,27,34,63,64]. ATAD3C protein, with lower sequence homology to its 
paralogs, and lower expression, has not been detected with ATAD3 an
tibodies in immunoblots. 

By biochemical fractionation and membrane extraction we defined 
ATAD3C as a mitochondrial membrane embedded protein. Since the 
sub-mitochondrial localization is important to elucidate the protein 
substrates of the enzyme, we used protease digestion assays to further 
define the membrane topology of the protein. ATAD3C N-terminus was 
sensitive to trypsin attack in isolated mitochondria suggesting that it is 
located outside of the mitochondria, whereas the C-terminus remained 
more resistant to trypsin and behaved as an IMS protein. Previous 
studies using proteolytic digestion of purified mitochondria also located 
the ATAD3A paralog N-terminus in the cytosol, however, they proposed 
that ATAD3A C-terminus is facing the matrix and that the protein spans 
both mitochondrial membranes [6,34,65]. In our assays, the endoge
nous ATAD3A protein behaved like an OMM and not like an IMM pro
tein. The transmembrane domain required for mitochondrial targeting 
of ATAD3A or ATAD3B was determined using mutagenesis approaches 
[6,65]. As the domain is 100 % conserved in ATAD3C, the three paralogs 
would be expected to share the same membrane localization in the 
mitochondria. Co-IP results, indicating interaction between the paral
ogs, also suggest that they should be found in the same subcellular 
location. Moreover, ATAD3A has been linked to mammalian 

mitochondria-ER contact sites, known as mitochondria-associated 
membranes (MAM), where patches of ER membrane co-purify with 
mitochondria [18,26]. Remarkably, a proximity biotinylation proteomic 
approach that avoids biochemical fractionation specifically localized 
ATAD3A in the ER membrane and OMM proteomes, indicating that it is 
an OMM protein candidate to be resident of mitochondria-ER contact 
sites [66]. 

Among human genes, we detected that those with the highest iden
tity to ATAD3A, ATAD3B, and ATAD3C based on their sequence are 
members of the AAA ATPase subfamily, considered cellular machines 
that function in diverse biological pathways by segregating protein 
substrates from stable environments such as organelles or multi-subunit 
complexes. Recent structures of substrate-bound complexes of several of 
these enzymes have revealed that the protomers form a hexameric 
closed spiral staircase encircling an unfolded substrate [12,15,67–69]. 
These structures support a model in which ATP hydrolysis at the tail end 
of the staircase is coupled with ATP binding at the leading end, and 
indicate a unified hand-over-hand translocation mechanism that ap
pears conserved among AAA + ATPases [70]. In the active assembly, the 
nucleotide binding pocket lies in the interface between two protomers. 
The arginine finger of one protomer comes into close proximity to the 
nucleotide bound in the neighboring protomer. In this state, AAA +
ATPases show elevated ATPase activity, which can be abolished by 
mutations of the arginine finger [11]. Remarkably, ATAD3C lacks the 
characteristic arginine finger (arginine position 1) present in ATAD3A 
and ATAD3B and highly conserved in most AAA + proteins [50]. This 
suggests that ATAD3C may lack the ATPase activity, although, based 
solely on homology other contributions to this function cannot be 
excluded [11]. 

Our data strongly suggest that ATAD3C paralog acts as specific 
ATAD3A oligomer modifier. In co-IP assays, ATAD3C interacted with 
ATAD3A and vice-versa suggesting the formation of hetero-oligomers 
containing subunits of both paralogs. SDS-PAGE separation of the IP 
samples, in non-reducing conditions, showed overexpressed ATAD3A- 
HA mainly in bands compatible with monomers and dimers, whereas 
overexpressed ATAD3C-HA was detected mainly as monomers with a 
smear at higher molecular weight. This indicates low tendency to homo- 
oligomerize for ATAD3C, since in these experiments the most likely 
partner is the overexpressed monomer. Finally, BNGE analysis of mito
chondrial membranes confirmed the presence of ATAD3C subunits in 
ATAD3A membrane assemblies, since upon overexpression of ATAD3C, 
ATAD3A accumulated in a smaller assembly in which subunits or 
ATAD3C were detected. Using various analytical techniques for the 
study of purified proteins it has been established that monomers of AAA 
proteins form stable dimers and a dynamic model for the assembly- 
disassembly of oligomers has been proposed, in which generally, the 
association of dimers with tetramers generates hexamers at high levels 
of ATP and magnesium [71–75]. Dimers, tetramers, and hexamers of 
ATAD3A were previously observed in cells by cross-linking experiments 
[34]. Our native separation of mitochondrial membranes showed a 
broad distribution of overexpressed ATAD3A-HA in discrete bands, in 
the mass range of 120–900 kDa. According to their motility, the main 
bands could correspond to monomers-dimers and tetramers what could 
indicate the association of dimers with tetramers in the structural or
ganization of ATAD3A. ATAD3A with the HA epitope was also found in 
the ATAD3A high molecular weight assembly, the main form of 
endogenous ATAD3A when extracted from mitochondrial membranes 
with digitonin. However, ATAD3C-HA was not found in homo-oligomers 
of high molecular weight, but rather in hetero-oligomers with ATAD3A. 

Functionally, ATAD3C expression reduced fibroblast proliferation 
under oxidative conditions and basal oxygen consumption whereas 
ATAD3A over-expression had no noticeable impact. We conclude that a 
dominant negative function of ATAD3C through the hetero-oligomer 
formation with endogenous ATAD3A, similar to that observed when 
ATAD3A mutants are expressed in fibroblasts or in fly models [23], 
would explain these results. The N-terminal truncation together with the 

P. Gaudó et al.                                                                                                                                                                                                                                  



Free Radical Biology and Medicine 211 (2024) 114–126

124

lack of arginine finger in the AAA ATPase domain of ATAD3C would 
alter the function of the ATAD3A oligomers in the membrane. 

At the molecular level, we found that ATAD3C gain of function led to 
the accumulation of dimeric complex III in the mitochondrial mem
brane, which appears to be caused by the reduction of CIII2 assembled of 
into respiratory SC. Complex III is the mid-segment of the respiratory 
chain [76] and it is central for respiratory chain maturation and SC 
formation [77,78]. The main function of SC may be to avoid the loss of 
reducing power by maintaining the close proximity and favorable 
orientation of the key respiratory chain components, so that lower SC 
formation correlated with more mitochondrial ROS generation [79]. In 
our cellular models, lower SC formation also correlated with higher 
cellular ROS production. Study of patients with ATAD3A-deficient 
mitochondrial disease found that OXPHOS function was not severely 
impaired and that ATAD3A is not crucial for the assembly of respiratory 
complexes, although borderline deficiencies of OXPHOS enzymes have 
been observed in tissues or cell lines of some patients, [23,25,29]. 
Remarkably, SC together with ATP synthase were the first structures in 
which alterations were detected in muscle from ATAD3 KO mice, 
following altered cristae shape [2]. Because we did not detect OXPHOS 
defects in fibroblasts overexpressing ATAD3A, we excluded that 
ATAD3C toxicity is due to excessive accumulation of an overexpressed 
protein in the mitochondrial membrane compromising membrane 
integrity. The most plausible scenario is that ATAD3C, through modi
fication of the primary function of ATAD3A oligomers, disrupts proper 
membrane formation leading to an imbalance that reduces SC assembly. 

In summary, using an approach with HA-tagged proteins we show 
that ATAD3C open reading frame contains relevant coding information 
and its relative level of expression with respect to ATAD3A may 
modulate its activity. Because ATAD3C can form hetero-oligomers with 
ATAD3A, we propose that the main role of ATAD3C is to negatively 
regulate ATAD3A function. ATAD3C did not show oligomerization 
properties similar to those of ATAD3A, indicating that the only role in 
the cell is through its interaction with ATAD3A. Further molecular 
studies are needed to determine which proteins are translocated through 
the ATAD3 oligomer and what is the molecular mechanism linking the 
ATAD3 locus to mitochondrial disease. 

In conclusion, our study reveals that the hominid-specific ATAD3C 
gene has a potentially significant impact for ATAD3A function regula
tion and ATAD3C expression in developmental stages or other physio
logical situations should be considered in human mitochondrial disease. 
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