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compensatory mechanism that leads to 
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Aberrant cholesterol metabolism causes neurological disease and neurodegeneration, and mitochondria have been 
linked to perturbed cholesterol homeostasis via the study of pathological mutations in the ATAD3 gene cluster. 
However, whether the cholesterol changes were compensatory or contributory to the disorder was unclear, and 
the effects on cell membranes and the wider cell were also unknown.
Using patient-derived cells, we show that cholesterol perturbation is a conserved feature of pathological ATAD3 var
iants that is accompanied by an expanded lysosome population containing membrane whorls characteristic of lyso
somal storage diseases. Lysosomes are also more numerous in Drosophila neural progenitor cells expressing mutant 
Atad3, which exhibit abundant membrane-bound cholesterol aggregates, many of which co-localize with lysosomes. 
By subjecting the Drosophila Atad3 mutant to nutrient restriction and cholesterol supplementation, we show that the 
mutant displays heightened cholesterol dependence.
Collectively, these findings suggest that elevated cholesterol enhances tolerance to pathological ATAD3 variants; 
however, this comes at the cost of inducing cholesterol aggregation in membranes, which lysosomal clearance 
only partly mitigates.
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Introduction
The brain contains an order of magnitude more cholesterol than 
other tissues and defective cholesterol metabolism causes neuro

logical disorders, such as Niemann Pick type C disease (NPC),1 and 

it is implicated in Alzheimer’s disease.2 Notwithstanding its special 

importance in the brain, cholesterol is essential in every cell and tis

sue as it determines the properties of biological membranes that are 

central to organelle biology and function. Specifically, as cholesterol 

increases membrane rigidity, excess cholesterol reduces membrane 

flexibility, which can interfere in the myriad activities of 

membrane-associated proteins.3-5

ATAD3A (ATPase family AAA domain-containing protein 3A) 
encodes a mitochondrial transmembrane protein whose dysfunc
tion can perturb cellular cholesterol metabolism.6,7 ATAD3A is a 
member of the AAA+ family (ATPases associated with various cellu
lar activities8) that has been linked to multiple activities and pro
cesses in mitochondria, which complicates the interpretation of 
the effects of pathological ATAD3 mutations. For example, oxida
tive phosphorylation dysfunction owing to ATAD3 deficiency dis
plays considerable variability among tissues and individuals,6,9,10

and may not be evident in fibroblasts.7,10 Likewise, while there is 
ample evidence that a fraction of the human ATAD3 protein is 
tightly associated with mitochondrial DNA (mtDNA) and ATAD3 
deficiency and dysfunction impact mtDNA topology and distribu
tion from humans to plants,6,7,11-14 mtDNA depletion is rare in 
ATAD3 disorders.6,7,9,10,15 Furthermore, a substantial amount of 

ATAD3 is distributed throughout the mitochondrial network, lead
ing to the suggestion that it forms filaments or scaffolds.12,16

Cholesterol may unify these apparently disparate features of 
ATAD3, as its association with cholesterol microdomains may be 
critical to its functional and structural roles.12,16,17

While most species have a single ATAD3 gene, humans possess 
three paralogues located in tandem on chromosome 1p36.33, 
ATAD3A, ATAD3B and ATAD3C, which evolved recently by segmental 
duplication of a single ancestral gene.18 To date, the allelic spectrum 
of ATAD3A-associated diseases encompasses null, hypomorphic and 
anti-morphic alleles (Supplementary Fig. 1),6,9,15,19-23 including the 
dominant de novo variants p.R528W and p.G355D, as well as the reces
sive changes p.Thr53Ile and p.Thr84Met.15,22,24 These variants are as
sociated with diverse neurological and syndromic manifestations, 
ranging from cerebellar atrophy, axonal neuropathy and optic neur
opathy to cardiomyopathy and seizures. The more severe manifesta
tions are associated with large-scale genomic alterations of the 
ATAD3 gene cluster to which the region is predisposed by the genom
ic architecture of the three highly homologous ATAD3 genes.6,7,15,25

Biallelic deletions of ATAD3 genes via non-allelic homologous recom
bination (NAHR) cause a fatal infantile syndrome, characterized by 
pontocerebellar hypoplasia, seizure and respiratory insufficiency.6,15

Reciprocal NAHR-mediated de novo duplication, between ATAD3C 
exon 7 and the homologous ATAD3A exon 11 results in an additional 
copy of ATAD3B and the creation of an ATAD3A/C fusion gene, which 
is also lethal owing to a severe cardiomyopathy accompanied by en
cephalopathy, hypotonia and seizures, with corneal opacities.7,10
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The ATAD3A/C protein is predicted to have 29 amino acid substitu
tions in the C-terminal region compared to ATAD3A.7 We speculated 
that the loss of the arginine finger, p.R466C, was one of the most 
pathologically important substitutions of the ATAD3A/C fusion pro
tein, as it is predicted to play a critical role in ATP hydrolysis through 
interacting with the γ-phosphate of ATP in the neighbouring subunit 
of the hexamer.7 However, the specific contribution of p.R466C could 
not be distinguished from those of the other 28 substitutions of the 
ATAD3A/C fusion protein. There are also many outstanding ques
tions as to the role of perturbed cholesterol metabolism in ATAD3 
disease, which in turn raise important questions about cholesterol’s 
role in the mitochondria, and the extent to which disturbances of 
cholesterol and mitochondrial metabolism intersect in brain disor
ders. Hence, further study of ATAD3 mutants and new models could 
clarify the molecular disease mechanism, as well as shed light on 
ATAD3 function.

Here, we identified multiple individuals in a family carrying a het
erozygous ATAD3A variant, c.1396C>T, p.R466C that ablates an argin
ine finger implicated in ATP hydrolysis, and who manifest a 
syndromic dominant optic atrophy with neurological involvement. 
Human cells carrying this or another pathological ATAD3 variant 
(the ATAD3A/C fusion gene)7 display elevated free cholesterol and a 
greatly expanded lysosome population, many packed with mem
brane whorls that are characteristic of lysosomal storage diseases. 
In flies, the corresponding arginine finger mutation, p.R472C, in
creases the animal’s dependence on cholesterol, but causes choles
terol aggregation in membranes and increases lysosomal numbers, 
most of which contain cholesterol aggregates. These findings suggest 
that excess membrane-embedded cholesterol is a cellular and patho
logical abnormality in ATAD3 disease that can cascade to lysosomal 
insufficiency; however, extrapolating from the fly model, maintain
ing cholesterol at normal levels would be still more deleterious.

Materials and methods
Subjects

Affected family members were examined after informed written con
sent was obtained. All the procedures and examinations, including 
the skin biopsy for Subject II-1, were performed under project number 
2014/1435 and approved by the Regional Committee for Medical and 
Health Research Ethics, Western Norway (IRB no. 000018729).

Whole exome sequencing

Whole exome sequencing (WES) was performed using genomic 
DNA. DNA samples were prepared using the SeqCap EZ 
MedExome target enrichment kit (Roche NimbleGen) and then 
underwent paired-end 150 nucleotide sequencing on the Illumina 
NextSeq500 (Illumina). Alignment and variant calling were as pre
viously described26,27 Data annotation and interpretation were per
formed using the Cartagenia Bench Lab, NGS module (Cartagenia).

Cell culture and treatments

Primary human fibroblasts and SHSY-5Y neuroblastoma cells were 
routinely maintained in Dulbecco’s modified Eagle’s medium 
(DMEM) (Gibco) containing 25 mM glucose, 1 mM pyruvate supple
mented with 10% fetal bovine serum (FBS, Gibco), 5% penicillin 
and streptomycin (P/S, Gibco), 2 mM GlutaMAX (Gibco), 5% CO2, at 
37°C. All the cell lines were regularly confirmed free of myco
plasma, using the Venor Gem Classic Mycoplasma PCR Detection 
Kit (Minerva Biolabs).

For microscopy experiments, ∼4700 fibroblasts/well were 
seeded on 96-well black microplates (Ibidi). After at least 24 h, cells 
were treated with the various reagents as follows: 2.5 µM U18666A 
(U18) 48 h (Abcam), 50 µM chloroquine diphosphate salt (CLQ) 6 h 
(Sigma) and 100 nM rapamycin/sirolimus (Rapa) for 24 h 
(Acofarma), as described in the main text and figure legends.

For immunoblotting experiments, cells were grown in 25 cm2 

flasks until high confluency was obtained and—where indicated— 
treated with 50 µM CLQ for 6 h (Sigma) to block autophagic flux.

Immunocytochemistry

Cells were fixed with 4% paraformaldehyde (PFA) (Electron 
Microscopy Sciences) for 20 min at room temperature. After wash
ing with Dulbecco’s PBS (DPBS, Gibco), the cells were permeabilized 
and blocked for 1 h at room temperature with 10% donkey 
(GeneTex) or goat serum (Sigma) in 0.1% Triton X-100, PBS (PBST 
0.1%). Cells were then incubated with primary antibodies 
(Supplementary Table 2) in PBST overnight at 4°C. After three 
washes for 5 min with PBST 0.1%, cells were incubated with the ap
propriate secondary antibodies (Supplementary Table 2) 1:450 dilu
tion in 10% goat/donkey serum in PBST 0.1% for 1–2 h at room 
temperature. Cells were then washed 3× with PBST 0.1% and 1× 
with PBS, and Mounting Medium with DAPI (Ibidi) was added.

For free cholesterol and neutral lipid labelling, after PFA fixation 
and DPBS washing, cells protected from light were incubated with 
50 µg/ml Filipin III (Sigma) in PBS for 1 h and with 1 µg/ml 
BODIPYTM 493/503 (Invitrogen) in PBS for 15 min, respectively. 
These treatments were followed by two washes of 5 min with 
PBS, and a 5 min incubation with 0.5 µM SYTOXTM Deep Red 
(Thermo Scientific) in PBS to stain the nuclei. After a final PBS 
wash, cells were preserved in Mounting Medium (Ibidi).

PFO-GST labelling of membrane-bound cholesterol. Cells were 
blocked and permeabilized with 10% goat serum in 0.1% PBST for 
1 h and incubated with 15 µg/ml recombinant PFO-GST for 3 h. 
After washing the cells three times with 0.1% PBST, anti-GST 
(Supplementary Table 2) was applied in 10% goat serum 0.1% 
PBST, overnight at 4°C. After three washes with 0.1% PBST, second
ary antibody cocktail was applied (Supplementary Table 2) for 1 h at 
room temperature. Finally, cells were washed three times in PBS 
and mounting medium with DAPI (Ibidi) was added to the wells.

Amplex Red assay of cholesterol from enriched plasma mem
brane preparations. Plasma membranes were enriched from equal 
numbers of control and mutant fibroblasts following essentially the 
protocol of Bezrukov et al.28 Briefly, cells were incubated twice for 
5 min with ice-cold purified water and the cellular debris produced 
by the osmotic shock removed by washing three times with PBS. 
The plasma membranes were detached with trypsin, pelleted by 
centrifugation and resuspended in PBS. Total lipids were extracted 
with a 2:1 mixture of chloroform and methanol28 and the choles
terol content measured with the Amplex Red Cholesterol Assay 
Kit (A12216, Thermo Scientific) in an Haloled 96 fluorometer 
(Dynamica), following the manufacturer’s instructions.

To determine lysosome distribution and activity, cells were 
treated with 10 nM LysoTrackerTM Red DND-99 (Invitrogen) in 
DMEM for 45 min followed by DMEM FluoroBriteTM (Gibco) to reduce 
auto-fluorescence.

Image capture and analysis

Fluorescent images were acquired with a LSM 900 Zeiss confocal 
microscope. Laser power, gain and offset parameters were kept 
constant for each experiment, any subsequent adjustments to 
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contrast and brilliance were applied equally to all images. The im
age analysis was performed using Fiji ImageJ software and 
GraphPad (Prism) was used to quantify and represent the data as 
charts.

Immunodetection of proteins

Adherent cells were detached with trypsin (0.4% w/v solution, 
Gibco) and lysed on ice with RIPA buffer (150 mM NaCl, 1.0% 
Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, 
pH 8.0), 1× Halt™ Protease and Phosphatase Inhibitor Cocktail 
(Thermo Scientific). After incubating on ice for 40 min, the samples 
were centrifuged for 20 min at 15 000g, 4°C. Protein concentration of 
the supernatants was determined using the DC protein assay kit 
(Bio-Rad). Protein samples were prepared in 1× Laemmli loading 
buffer (Bio-Rad) with DTT and resolved on 7%, 8% or 12% 
Mini-PROTEAN TGX™ Precast Gels (Bio-Rad), using Tris/Glycine/ 
SDS running buffer (Bio-Rad). After electrophoresis, proteins were 
transferred to low-fluorescence PVDF transfer membranes 
(Thermo Scientific) and blocked with 3% bovine serum albumin 
(BSA) in PBS, 0.1% Tween for 1 h at room temperature. 
Membranes were incubated overnight with primary antibodies at 
4°C (Supplementary Table 2) in PBS with 3% BSA and 0.1% Tween, 
at 4°C and, after washing, incubated with the appropriate second
ary antibody (Supplementary Table 2) for 1 h at room temperature. 
Proteins were detected using SuperSignalTM West Pico PLUS chemi
luminiscent substrate (Thermo Scientific) and immunoblots were 
acquired via an iBright FL1500 Imaging System and quantified 
with iBright Analysis Software.

Transmission electron microscopy

Cells in an eight-well chamber slide were washed with phosphate 
buffer 0.1 M (NaH2PO4·H2O and Na2HPO4) and fixed with 3% glutar
aldehyde for 10 min at 37°C and 2 h at room temperature. After five 
phosphate buffer washes of 5 min and air drying, the samples were 
cut and processed (Centro de Investigación Principe Felipe, 
Valencia) and images were taken with a 200 kV high-resolution 
TECNAI G2 20 TWIN transmission electron microscope 
(University of the Basque Country).

Cloning, transgenesis and Drosophila maintenance

The pUASTattB-dAtad3R472C-V5 construct was generated by per
forming site-directed mutagenesis PCR using pUASTattB-dAtad3a 
WT-V521 as a template and the following primers: (R472C)F: 
5′-tttgatt 
atgccatcaacgatTGCctggatgaaatggtggagttc-3′, (R472C) R: 5′-gaac 
tccaccatttcatccagGCA atcgttgatggcataatcaaa-3′. For the construc
tion of pUASTattB-mKate-ThetaTox-D4, we amplified mKate- 
ThetaTox-D4 coding sequence from pAAV-GFAP-mKate-FL- 
ThetaTox, using the following primers: mKate-D4_F: 5′- 
attttgAGATCTcaaa ATG GAGCTGATTAAGGAGAACATG-3′; and 
mKate-D4_R: 5′-aactaaGCGGCCGC TTAGTTGTAGGTGATGCTGCT- 
3′.

The amplified PCR product was cloned into the BglII and 
NotI sites of pUASTattB vector.29 The DNA clones were amplified 
and purified by the PureLink® HiPure Plasmid Midiprep Kits 
(Invitrogen). The sequences of mid-prep DNA clones were 
verified by Sanger sequencing and injected into the following em
bryos: pUASTattB-mKate-ThetaTox-D4 (y1 w1118; PBac{y+-attP-3B} 
VK00033); and pUASTattB-dAtad3R472C-V5 (y1 w1118; 

PBac{y+-attP-3B}VK00037).30 Transgenic flies were selected with a 
W+ marker and balanced.

The insc-Gal4 driver (w*; P{GawB}inscMz1407; # 8751) and 
UAS-GFP-LAMP (on the second chromosome; 42714) were obtained 
from the Bloomington Drosophila Stock Center at Indiana 
University (BDSC). dAtad3 RNAi line (v22445) was obtained from 
VDRC stock centre. To generate flies carrying both insc-Gal4 and 
UAS-GFP-LAMP, we performed recombination of these two genetic 
components. The flies carrying insc-Gal4, UAS-GFP-LAMP were veri
fied by genomic PCR using the following primers. pUAST-F: 
5′-AGTGCAAGTTAAAGTGAATC-3′ EGFP-R: 5′-CGCCTTCTTGACGA 
GTTCTTC-3′.

To determine the effects of dAtad3R472C expression on the levels 
of cholesterol-containing membranes and lysosomes in the 
Drosophila neuroblasts, we crossed the w*; insc-Gal4, UAS-GFP- 
Lamp flies with the flies carrying y, w; UAS-dAtad3R472C-V5; 
UAS-mKate-ThetaTox-D4. For control, we used files carrying 
UAS-empty31 and UAS-mKate-ThetaTox-D4.

All flies were maintained at room temperature (21°C). All crosses 
were maintained at 25°C. One litre of the standard diet comprised 
45.45 g cornmeal, 9.1 g soy flour, 15.4 g yeast, 100 ml syrup, 6.8 g 
agar, 4.27 ml propionic acid; while the modified diets were as fol
lows: modified diet (MD)—22.72 g cornmeal, 4.55 g soy flour, 7.7 g 
yeast, 135 ml syrup, 6.8 g agar, 4.27 ml propionic acid; MD2— 
11.36 g cornmeal, 2.27 g soy flour, 3.85 g yeast, 152.5 ml syrup, 
6.8 g agar, 4.27 ml propionic acid, with or without 0.1 or 1 g/l choles
terol (0433 VWR).

Drosophila larval brain dissection and 
immunohistochemistry

For Drosophila brain staining, dissection of third instar larvae was 
performed as previously described.32 Briefly, brains attached to 
the cuticle from the third instar larvae were fixed in 500 µl of 4% for
maldehyde for 30 min at room temperature. The fixation solution 
was discarded and the samples were washed in PBS containing 
0.3% Triton X-100. Incubations with primary (overnight at 4°C) 
and secondary (1 h at room temperature) antibodies were as de
tailed in Supplementary Table 2. Samples were mounted in 
Vectashield (Vector Laboratories). Imaging was performed by 
LSM710 confocal microscope (Zeiss). Images were processed with 
the Zeiss LSM Image Browser and Adobe Photoshop.

Statistical analysis

Normal distribution was determined by the Shapiro-Wilk test. For 
normally distributed data, single comparisons were tested using 
the independent Student’s t-test. Non-parametric data were ana
lysed by the Mann-Whitney U-test. Statistical significance was set 
at *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001. Precise P-values are indicated 
in the figure legends until P < 10−7. Unless otherwise indicated, data 
are presented as mean ± standard error of the mean (SEM). 
Statistical analyses were performed using GraphPad Prism 8.0.

Results
A monoallelic ATAD3A mutant associated with optic 
atrophy and peripheral neuropathy

We investigated a three-generation family with five affected mem
bers presenting with slowly progressive optic atrophy and signs of 
peripheral neuropathy (Fig. 1A and Supplementary material). 
Subject II-1 is the index case (Fig. 1A), from whom primary fibroblasts 
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were derived. Exome sequencing revealed a missense monoallelic 
variant in ATAD3A c.1396C>T, p.R466C (NM_001170535.2) (Fig. 1B). 
The variant was present in all five affected family members, indicat
ing a dominant inheritance, and is not found in the gnomAD data
base33 or in our in-house database. p.R466C is strongly predicted to 
be a pathogenic substitution (PolyPhen-2, MutationTaster, SIFT and 
Align),34 all the more because it affects a conserved arginine finger 
that mediates ATP hydrolysis in other members of the AAA+ protein 
family (Supplementary Fig. 2A).35 Thus, the clinical and genetic pro
files suggest that the ATAD3A c.1396C>T variant causes dominant 
optic atrophy ‘plus’ (DOA+).

Although PAGE separates proteins chiefly according to molecu
lar mass, in some cases single amino acid substitutions are detect
able by SDS-PAGE, such as a cysteine for an arginine substitution in 
a bacterial histidine-transport protein.36 Separation of ATAD3A on 
a 6% or 8% denaturing PAGE also produced a small but discernible 
mobility shift in the R466C variant, compared to the wild-type pro
tein, irrespective of strong reducing conditions (Fig. 1C and 
Supplementary Fig. 2B). Under the same gel conditions, we discov
ered retrospectively that the ATAD3A/C fusion protein arising from 
the gene cluster duplication7 has increased mobility compared to 
wild-type ATAD3A (Fig. 1C and Supplementary Fig. 2B). Thus, im
munoblotting can distinguish several ATAD3 mutants, based either 
on protein abundance or mobility (this report).6,7

ATAD3A R466C is associated with perturbed 
cholesterol and lipid metabolism and mtDNA 
aggregation

Next, we analysed ATAD3A.R466C fibroblasts to determine whether 
they shared molecular phenotypes previously associated with 
ATAD3 deficiency and disease. Analysis of the mitochondrial net
work revealed mitochondrial clumping and fragmentation, similar 
to cells with ATAD3A/C (Supplementary Fig. 3A).7 Furthermore, im
munostaining of cellular DNA, either via incorporated nucleoside 
analogue, 5-bromo-2’-deoxyuridine (BrdU) (Supplementary Fig. 3B) 
or anti-DNA antibody (Supplementary Fig. 3C), revealed significantly 
more mtDNA clustering in ATAD3A.R466C fibroblasts compared to 
controls, as per other ATAD3 mutants.6,7 A third previously described 
feature of ATAD3 mutants evident in ATAD3A.R466C fibroblasts 
was perturbed cholesterol metabolism, as Filipin-labelled free chol
esterol was almost 10 times higher compared to control cells, and 
similar to that of cells carrying the ATAD3A/C duplication, or con
trol cells treated with the intracellular cholesterol trafficking in
hibitor U18666A (U18) (Fig. 2A). We previously hypothesized that 
the increase in free cholesterol in ATAD3 mutant cells could miti
gate the problem of impaired cholesterol delivery to mitochondria 
through the law of mass action.6 An adaptive response of this 
type could include reducing cholesterol export via the plasma 
membrane localized transporters ABCA1, ABCG1 and SR-BI; indeed 
we found their expression in the ATAD3 mutant cells was half that 
of the controls (Fig. 2B and Supplementary Fig. 3D).

Cholesterol and lipid metabolism are closely intertwined, and 
in an Atad3 conditional knockout mouse cortical and hippocampal 
neurons accumulated lipid droplets.16 Here we employed BodipyTM 

493/503 to stain lipid droplets and other non-polar lipids, as it does 
so with greater accuracy and sensitivity than the alternatives, such 
as Nile red.37 While neutral lipids and lipid droplets were barely de
tectable by BodipyTM staining in control human fibroblasts, unless 
grown with oleic acid,38 BodipyTM-stained lipids were present at 
high abundance in ATAD3.R466C and ATAD3A/C fibroblasts cul
tured in the absence of oleate (Fig. 2C). Together, the data indicate 

that perturbed lipid metabolism is a general feature of ATAD3 defi
ciency, and that the patient-derived fibroblasts recapitulate the fea
tures of Atad3 loss in murine neurons.

ATAD3 mutant cells display increased lysosome 
numbers, many with membrane whorls, without 
altered autophagic flux

In an earlier study, elevated mitophagy and reduced mitochondrial 
numbers were associated with the transgenic expression of 
dAtad3R534W,15 and altered autophagic flux was reported for the 
p.G533D variant in fibroblasts of a patient with hereditary spastic 
paraplegia.22 The latter study also reported that ATAD3A.G355D fibro
blasts and cultured neurons had increased lysosomal mass. Analysis 
of the autophagic flux, by comparing cells treated with and without 
the lysosomal inhibitor CLQ,39 revealed no appreciable difference be
tween ATAD3 mutant lines and controls (Supplementary Fig. 4A). 
That is, lipidated LC3A/B and phosphorylated SQSTM/p62 accumu
lated to similar extents in all the cell lines, both in standard and 
nutrient-restricted growth conditions (Fig. 3A and Supplementary 
Fig. 4A). Notwithstanding that autophagic flux and capacity were un
impaired in the ATAD3 mutants, when we assessed the lysosomal 
content of the cell, by immunostaining the lysosomal marker 
LAMP1, we found that ATAD3A.R466C and ATAD3A/C cells had ap
proximately twice the lysosomal content of controls (Fig. 3B). The ly
sosomes in the ATDA3 mutant cells stained strongly with Lysotracker 
that is an indicator of their acidity, and thus activity (Fig. 3C), which 
suggested the lysosomes are functional, as well as more numerous.

Repression of mTOR (mammalian target of rapamycin) stimu
lates lysosomal production and activity, which occurs naturally in 
response to nutrient restriction (Supplementary Fig. 4A), or chem
ical inhibition with rapamycin (Supplementary Fig. 4B).39

However, the lysosome changes in the ATAD3 mutant cells 
(Fig. 3B and C) are not the result of mTOR inhibition, as mTOR is— 
if anything—more active in ATAD3 mutant than control cells, evi
denced by the phosphorylated state of serine235/236 of the riboso
mal protein S6 (Supplementary Fig. 4A).40

Although the lysosomes in the ATAD3 mutant cells are func
tional, evidenced by lysotracker signal and autophagic flux mea
surements, transmission electron microscopy analysis of ATAD3 
mutant fibroblasts revealed many lysosomes containing mem
brane whorls (Fig. 3D); such unprocessed membranes are charac
teristic of lysosomal storage diseases.41,42 Collectively, the results 
for lysosome number, content and autophagic flux (Fig. 3) suggest 
that more lysosomes are needed to maintain autophagic flux in 
ATAD3 mutant cells, which implies the degradation process is func
tional but slower than normal.

The Atad3 arginine finger mutant results in 
cholesterol aggregation and lethality in flies

To further study the consequences of the loss of ATAD3’s arginine 
finger implicated in ATP hydrolysis and explore the pathogenic 
mechanism in vivo, we created a transgenic Drosophila harbouring 
the orthologous mutation (UAS-dAtad3R472C). This fly allowed us to 
express dAtad3R472C in a tissue-specific manner with a range of 
Gal4 drivers. When ubiquitously expressed (da-Gal4, tub-Gal4 and 
Act-Gal4), dAtad3R472C caused lethality, similar to dAtad3 gene 
silencing (Fig. 4A). Even when expression was restricted to the ner
vous and muscular systems (dAtad3-Gal4),21 or neurons alone 
(elavC155-Gal4), Atad3R472C expression led to lethality (Fig. 4A). 
Using an eyeless-Gal4 driver (ey-Gal4) that limits expression to the 
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eye and part of the brain, dAtad3R472C caused partial lethality (65% 
viable) (Fig. 4A), and among the viable flies, one-third had an abnor
mal or missing eye (Fig. 4B and Supplementary Table 1). When ex
pression was restricted exclusively to the neuroblasts (insc-Gal4), or 
delayed, with the late-onset eye and neuronal driver (GMR-Gal4), we 
obtained viable progeny in numbers equal to controls (Fig. 4A). 
These findings indicate that the mutation in the conserved arginine 
finger of ATAD3A associated with ATP hydrolysis is highly deleteri
ous in flies, as well as humans, as it impairs Drosophila develop
ment, unless its expression is heavily restricted.

To determine whether ATAD3 deficiency causes increased chol
esterol in vivo, as observed in human cells, we evaluated the effect 
of dAtad3R472C on cholesterol levels in Drosophila neuroblasts. As we 
were unable to stain free cholesterol in larval brains, owing to the 
high background of Filipin III in histological samples, we used an 
alternative method to label cholesterol in the fly, which had the ad
vantage of labelling membrane-bound, rather than free cholesterol. 
Perfringolysin O (PFO) is a pore-forming bacterial toxin that con
tains a cholesterol-binding domain (D4), whose mechanism of 
membrane-anchoring is known.43 Hence, PFO and D4 can serve as 
reporters of membrane-bound cholesterol in cultured cells when 
conjugated to a fluorescent reporter.44,45 Here, we created an in 
vivo construct to express D4 conjugated to the fluorescent tag 
mKate in flies: UAS-mKate-D4. Expression of UAS-mKate-D4 with 
UAS-empty (control) produced a barely discernible red (mKate) 
signal in neuroblasts of control larvae [Fig. 4C(i)]. In contrast, the ex
pression of UAS-mKate-D4 with UAS-dAtad3R472C yielded numerous 
red foci in the neuroblasts [Fig. 4C(ii)], indicating that dAtad3R472C 

produces membrane-bound cholesterol aggregates in Drosophila 
neuroblasts.

The detection of PFO/D4-based reporters varies according to the 
proportion of cholesterol that is accessible to D4, as well as the 
local concentration of cholesterol in membranes or liposomes, 
thus the reporter does not label the plasma membrane in all 
cell types46 and was barely detectable in control neuroblasts 
(Fig. 4C-i). In human fibroblasts, recombinant PFO47 labelled the 
cell interior and, in the ATAD3 mutant cells, the PFO signal was 
7-fold higher than controls (Supplementary Fig. 5A) and partially 
coincided with lysosomes (Supplementary Fig. 5B), but not with 
mitochondria or the endoplasmic reticulum (Supplementary Fig. 
5C). Although PFO did not detect plasma membrane cholesterol, 
Amplex red assays (ThermoTM) of cholesterol using enriched 
plasma membrane fractions28 indicated that those of the 
ATAD3.R466C mutant cells have a cholesterol content double that 
of control fibroblasts (Supplementary Fig. 5D). Collectively, the hu
man cell and Drosophila neural stem cell data demonstrate that 
ATAD3 mutants have abnormally high membrane-bound choles
terol levels, which is the expected consequence of high levels of 
free cholesterol.

Atad3 mutant neuroblasts display elevated 
lysosomes with membrane-bound cholesterol 
aggregates

To determine whether dAtad3R472C expression affected lysosomal 
content in Drosophila, like the human ATAD3 mutant cells, we 

Figure 1 Identification of a family with DOA+ associated with a dominant point mutation in ATAD3A. (A) Pedigree of the family in which affected 
members carry ATAD3A c.1396C>T, p.R466C (NM_001170535.2) on one allele. (B) Amino acid sequence alignment between parts of ATAD3A isoforms 
1 and 2 affected by the ATAD3A/C gene fusion7 and the arginine finger point mutation. The A/C fusion protein differs at 29 amino acid positions (high
lighted in yellow).6 The individuals with the R466C point mutation have an ATAD3 sequence identical in length to ATAD3A isoform 2 and it only differs 
in the ATP-binding residue in position 466, which it shares with the fusion protein A-C (in red font). Underlined are the residues of the conserved pro
tein kinase domain that form the ATPase region [p.Ile348–p.Asp474; PFam PF00004]. Marked in a green box is the Walker B ATP binding motif. Residue 
numbering from [Q9NVI7-2/NM_001170535.2]. (C) SDS-PAGE (8% gel) of whole cell protein from controls (Ctrl), ATAD3 R466C and ATAD3A/C mutant cell 
lines, immunolabelled with an ATAD3 N-terminal antibody. DOA+ = dominant optic atrophy ‘plus’.
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used an established lysosomal reporter, UAS-GFP-LAMP.48 Flies car
rying insc-Gal4 and UAS-GFP-LAMP were crossed with flies carrying 
UAS-empty (control) or dAtad3R472C and the UAS-mKate-D4 

cholesterol reporter. In neuroblasts expressing the two markers, 
the dAtad3R472C expressing cells with high levels of cholesterol in 
membranes also had higher numbers of lysosomes compared to 

Figure 2 ATAD3 mutant fibroblasts display increased unesterified cholesterol, decreased cholesterol export capacity and elevated neutral lipids. 
(A) Representative images of Filipin III stained ATAD3 mutants and control (Ctrl) fibroblasts, treated with and without the cholesterol trafficking inhibi
tor U18666A (U18). Quantification of Filipin signal (measured as raw integrated density per total area of the cell), where each point represents a cell and 
each colour a different cell line/condition [>100 cells per line, independent experiments (represented by black squares) are n = 5, except Ctrls+U18 
where n = 3]. Scale bar = 30 µm. Differences between groups were analysed by unpaired, two-tailed Mann-Whitney U-test (Ctrls versus ATAD3 A/C, 
***P < 10−7; Ctrls versus ATAD3.R466C, ***P < 10−7; Ctrls versus Ctrls+U18, ***P = 10−10). (B) Abundance of cholesterol efflux proteins (ABCA1, ABCG1 
and SR-BI) in ATAD3.R466C and ATAD3 A/C mutants versus controls estimated via immunoblotting of proteins separated by SDS-PAGE. 
Quantification of the three factors (circles = ABCA1; squares = ABCG1; triangles = SR-BI) relative to controls. Each dot represents an independent ex
periment and different colours denote each of the cell lines (n = 3–5 independent experiments). Differences between groups were analysed by unpaired, 
two-tailed Student’s t-test (Ctrls versus ATAD3 A/C, ***P = 2.34 × 10−7; Ctrls versus ATAD3 R466C, ***P = 6.15 × 10−7). (C) Interpretation of A and B to illus
trate the increase in free cholesterol and decrease in the abundance of cholesterol efflux plasma membrane proteins. (D) Representative images of con
trol and ATAD3 mutant fibroblasts grown in standard medium (without oleate) and incubated with BODIPYTM 493/503 to stain accumulated neutral 
lipids (green) and SYTOXTM Deep Red to mark the nuclei (converted to blue). Chart of BodipyTM 493/503 signal (measured as raw integrated density 
per total area of the cell) from controls and ATAD3 mutant fibroblasts (>100 cells per line, n = 3 independent experiments). As in A, each point repre
sents a cell and each colour a different cell line/condition. Differences between groups were analysed by unpaired, two-tailed Student’s t-test (Ctrls 
versus ATAD3 A/C, ***P < 10−7; Ctrls versus ATAD3 R466C, ***P < 10−7).
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control cells (Fig. 5A and B). The two markers were frequently over
lapping or juxtaposed, and quantification revealed that more than a 
quarter of the D4-mKate puncta coincided with the LAMP-GFP sig
nal, suggesting that many of the cholesterol aggregates had been 
ingested by lysosomes (Fig. 5C and D). Moreover, a substantial ma
jority of the excess lysosomes coincided with D4-mKate signal, fur
ther suggesting that the increase in lysosome numbers is a direct 
response to the membrane-bound cholesterol aggregates. Hence, 
these results suggest a model in which lysosomes respond to the 

excessive cholesterol in membranes to clear it from the cells (refer 
to the ‘Discussion’ section). This model assumes that the elevated 
cholesterol in the ATAD3/Atad3 mutant lines is responsible for 
the lysosomal changes. To determine whether elevated free choles
terol is sufficient to produce lysosomal changes, human SHSY-5Y 
neuroblastoma cells49 and control fibroblasts were treated with 
35 µM cholesterol or intracellular free-cholesterol was increased 
by U18666A exposure, as before. Both treatments increased lyso
somal mass and activity (Supplementary Fig. 6). These findings 

Figure 3 ATAD3 dysfunction increases lysosome numbers maintaining autophagic flux. (A) ATAD3 A/C, deletion (Δ) and R466C cells were treated with 
and without chloroquine (CLQ), to block autophagy, in parallel with control cells (Ctrl). Lipidated LC3 (LC3II) was detected by immunoblotting after frac
tionating whole cell lysates via SDS-PAGE. (B) Top: ATAD3A mutant and control fibroblasts stained with an antibody against lysosome-associated mem
brane protein 1 (LAMP1, green) with DAPI (blue) stained nuclei. Bottom: Chart of LAMP1 signal (measured as raw integrated density per cell) from 
controls and ATAD3 mutant fibroblasts (>100 cells per line, n = 3 independent experiments). Scale bar = 30 µm. Differences between groups were ana
lysed by unpaired, two-tailed Student’s t-test (Controls versus ATAD3 A/C, ***P < 10−7) and unpaired, two-tailed Mann-Whitney U-test (Controls versus 
ATAD3 R466C, ***P < 10−7). Cartoon illustrates the increase in the lysosomal pool. (C) ATAD3 mutant and control fibroblasts stained with an indicator of 
acidified lysosomes, Lysotracker Red. (D) Left: Transmission electron micrographs of ATAD3 mutant and control fibroblasts showing cytoplasmic con
tent at different magnifications. Note the many structures with membrane whorls that are characteristic of lysosomal storage diseases, some of which 
are arrowed. Right: The chart indicates as dots the number of lysosomes with membrane -whorls in an area of 13.554 µm2 in micrographs of ×2500 mag
nification. Differences between groups were analysed by unpaired, two-tailed Student’s t-test (Controls versus ATAD3 A/C, ***P = 5 × 10−9) and un
paired, two-tailed Mann-Whitney U-test (Controls versus ATAD3 R466C, ***P = 7.4 × 10−7). The accompanying cartoon illustrates the accumulation of 
lysosomes with membrane-whorls in the ATAD3 mutant cells.
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demonstrate that elevated free cholesterol cascades to lysosomes 
and support the idea that the lysosomal changes in the ATAD3 mu
tants are a direct consequence of the perturbed cholesterol 
metabolism.

dAtad3R472C increases cholesterol dependence

A priori it appeared unlikely that a mitochondrial inner membrane 
protein, such as ATAD3, would directly regulate plasma membrane 
cholesterol transporters (Fig. 2B) or enzymes of cholesterol 
biogenesis.6 Moreover, as ATAD3 had been linked to mitochondrial 
cholesterol uptake and cholesterol microdomains associated with 
mtDNA,17,50 we inferred that the increase in the free cholesterol 
pool was a compensatory mechanism to mitigate a shortage of 
cholesterol in mitochondrial membranes. None of our attempts to 
lower cholesterol levels in human fibroblasts was effective, as in
hibition of cholesterol biosynthetic enzymes has the opposite ef
fect, as does the inhibition of cholesterol trafficking 
(Supplementary Fig. 7). However, the lack of cholesterol biosyn
thesis in flies afforded us the opportunity to manipulate cholesterol 
availability through the diet. First, we employed two modified diets 
(MD, MD2), high in sugar but low in the other components of the 
standard fly laboratory diet (SD). Although there were countless lar
vae in all cases, the two modified diets both substantially reduced 
the number of pupae and adult flies (Supplementary Fig. 8A). As 
the dAtad3 mutant (ey-Gal4 > UAS-dAtad3R472C) had lower viability 

than the control flies (ey-Gal4 > UAS-empty) on the standard diet, it 
was not surprising that there were no adult mutants and very few 
mutant pupae when raised on the modified diets (Supplementary 
Fig. 8B). Supplementing the less stringent diet (MD) of the control 
flies with cholesterol yielded two to three times more adults (P =  
0.057 or P = 0.049 dependent on the method of analysis) and a third 
more pupae, although the latter was not statistically significant 
(Fig. 6A). In contrast, the effect of cholesterol was much more 
marked in the Atad3R472C fly: it increased the number of pupae an 
order of magnitude, to levels slightly higher than the mutants 
raised on the standard diet and allowed some to reach adulthood 
(Fig. 6B). Thus, the Atad3 mutant fly displays increased dependence 
on cholesterol (Fig. 6C), which suggests that the elevated choles
terol represents a reprogramming of cellular metabolism designed 
to mitigate the effects of mutant ATAD3/Atad3.

Discussion
This study indicates that the expanded pool of free cholesterol as
sociated with pathological ATAD3 variants causes cholesterol accu
mulation and aggregation in membranes. This is expected to 
contribute to ATAD3 disease as excess cholesterol disrupts mem
brane architecture4,5 and is pathological in other contexts.3

Nevertheless, the altered cholesterol metabolism is not a maladap
tation to ATAD3 dysfunction; rather, it is a compensatory response, 

Figure 4 Drosophila, dAtad3R472C is highly deleterious and increases membrane-bound cholesterol. dAtad3R472C was expressed in Drosophila using the 
UAS-Gal4 system. (A) UAS-dAtad3R472C expressed under different Gal4 drivers led to lethality, except with GMR-Gal4 (late onset eye and neuronal driver), 
insc-Gal4 (neuroblast driver) and ey-Gal4 (eye discs)56 drivers, similar to that produced when expressing dAtad3 RNAi (UAS-dAtad3RNAi). (B) Light micro
scope images of the abnormal eye phenotypes of flies expressing dAtad3R472C under the ey-Gal4 driver seen in ∼33% of the viable progeny, compared to 
the normal eyes of flies expressing no transgene (UAS-empty), or wild-type transgenic Atad3 (UAS-dAtad3WT). (C) Confocal micrographs of Drosophila 
larvae brain lobes carrying insc-Gal4 and UAS-mKate-D4 together with UAS-empty [control (i) or UAS-dAtad3R472C (ii)]. Neuroblasts are labelled Miranda 
(blue) and ganglion mother cells (GMCs) by Prospero (green). mKate-D4 (red) is a membrane-bound cholesterol reporter. Scale bar = 50 µm. The cartoon 
represents the cholesterol distribution in membranes and its predicted accumulation and aggregation based on C(ii).
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as cholesterol supplementation markedly enhances the viability of 
the Atad3 mutant fly, particularly at the pupal stage of development 
(Fig. 6). Thus, the beneficial effects of cholesterol for a fly with a de
fective mitochondrial membrane protein (Atad3) suggest that the 
sterol is an essential component of mitochondria. Considering 
that the bulk of the cholesterol in human mitochondria is asso
ciated with the mtDNA,50 and the equivalent sterol in yeasts sup
ports mtDNA maintenance,51,52 the elevated cholesterol might 
prevent mtDNA abnormalities and loss. Furthermore, cholesterol 
microdomains, in conjunction with ATAD3, may provide critical 
structural support to cristae junctions of the mitochondrial inner 
membrane (see later).

Whatever the precise role of cholesterol in mitochondrial mem
branes, the elevated free cholesterol comes at the cost of increased 

cholesterol incorporation and aggregation in cell membranes 
(Fig. 4C). One way to mitigate the problem of an over-abundance 
of membrane-embedded cholesterol would be to remove the af
fected regions via autophagy. Concordantly, lysosome numbers 
were greatly increased, both in cultured human fibroblasts and 
Drosophila neuroblasts with mutant Atad3 (Figs 3B and 5). In the 
dAtad3 mutant neuroblasts, the lysosomes contain a substantial 
amount of the membrane-bound cholesterol aggregates, based on 
the cholesterol reporter signal, mKate-D4 coinciding with the lyso
somal marker LAMP-GFP (Fig. 5), and this is concordant with the ac
cumulation of membrane whorls in ATAD3 mutant fibroblasts 
(Fig. 3D). Collectively, the data from primary human fibroblasts 
and flies suggest a model (Fig. 7), in which defective ATAD3 results 
in a mitochondrial cholesterol deficit that is attenuated by 

Figure 5 ATAD3A mutant neuroblasts show increased membrane-associated cholesterol together with increased lysosome content. (A and B) 
Confocal micrographs of Drosophila larval brain lobes carrying insc-Gal4 (neuroblast driver), UAS-GFP-LAMP and UAS-mKate-D4 together with 
UAS-empty (control), or UAS-dAtad3R472C at magnifications of ×20 (scale bar = 50 µm) and ×63 (scale bar = 20 µm), respectively. Neuroblasts are labelled 
Miranda (blue), GFP-LAMP (green) marks lysosomes, while mKate-D4 (red) marks cholesterol-containing membranes. (C) Top left: Quantification of 
GFP-LAMP puncta without (green) and with mKate-D4 (yellow) per neuroblast (NB) area, for UAS-empty (control) and dAtad3R472C expressed under 
neuroblast driver insc-Gal4. Differences between groups were analysed by unpaired, two-tailed Student’s t-test. Green fluorescent protein (GFP) 
dAtad3 versus GFP empty non-significant, P = 0.2149; GFP/mKate empty versus GFP/mKate dAtad3, *P = 0.0353. Below the total number of lysosomes 
in a single column (green + yellow) for UAS-empty (control) and dAtad3R472C. Top right: Quantification of mKate-D4 puncta without (red) and with 
GFP-LAMP (yellow) per neuroblast (NB) area, for UAS-empty (control) and dAtad3R472C expressed under neuroblast driver insc-Gal4. Differences between 
groups were analysed by unpaired, two-tailed Student’s t-test: mKate empty versus mKate dAtad3, ***P = 0.0005; GFP/mKate empty versus GFP/mKate 
dAtad3, ***P = 0.0004. (D) Schematic representation of the data: cholesterol in membranes is labelled red by mKate-D4, while GFP-LAMP stains lyso
somes green; hence, mKate-D4 foci and lysosomes that co-localize appear yellow.
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increasing intracellular cholesterol levels (Fig. 2A). However, the 
superabundance of cholesterol results in its unregulated insertion 
in membranes creating areas with excess cholesterol (Fig. 4C), 
which are targeted for removal by the endolysosomal pathway 
(Figs 3 and 5). As cholesterol-engorged membranes are difficult to 
digest, they become the major lysosomal cargo in the Drosophila 
neuroblasts and the human fibroblasts with mutant ATAD3 (Figs 
3D and 5); and although the substantial expansion of the lysosome 
population is effective at maintaining autophagic flux (Fig. 3A), it is 
unable to prevent membrane-bound cholesterol reaching levels 
much higher than controls (Figs 4C and 5). Although autophagic 
flux keeps the cholesterol aggregates in membranes within toler
able limits, lysosomal dysfunction or exhaustion is clearly a threat, 
given that membranes with high cholesterol content become the 
major lysosomal cargo early in fly development (Fig. 5), and the 
striking similarity with established lysosomal disorders in the 
hsATAD3 mutant fibroblasts (Fig. 3D).41 On the other hand, the ben
efits of cholesterol supplementation in the fly (Fig. 6) suggest that 
lowering cholesterol to normal levels would worsen the situation 
in flies, and given the similar phenotypes in the fibroblasts, quite 
possibly in human subjects.

The changes in cholesterol and lysosomes in the ATAD3 mu
tants coincide closely with NPC disease, as it too features mtDNA 

aggregation,6 as well as elevated intracellular cholesterol and lyso
somes with membrane whorls.53 Some investigators have pro
posed lowering intracellular cholesterol as a therapeutic strategy 
for NPC, and positive results were reported for a phase 1b trial.54

Instead, extrapolating from the fly model of ATAD3 deficiency, we 
speculate that the elevated cholesterol mitigates the lack of the 
cholesterol trafficking protein. If true, there will be at best a short- 
term benefit from cholesterol sequestering drugs, or a narrow 
therapeutic window in NPC disease, as lowering intracellular chol
esterol to normal levels will precipitate the progressive depletion of 
critically important cholesterol microdomains.

The new pathogenic variant, ATAD3A c.1396C>T, p.R466C, of
fers a simplified genetic picture of ATAD3 dysfunction compared 
to the ATAD3A/C gene fusion where it occurs as one of 29 substitu
tions (Fig. 1B).7,10 The evidence for this single amino acid substitu
tion being deleterious is compelling: the mutant allele follows a 
dominant pattern of inheritance with full penetrance—all five fam
ily members with p.R466C display symptoms, with optic atrophy 
and peripheral neuropathy as the core features. Moreover, this vari
ant has not been reported in any healthy subject. The mutation ab
lates the arginine finger involved in ATP hydrolysis in AAA+ family 
proteins, and the equivalent mutation in SPASTIN is dominant and 
renders the hexameric protein inactive.35,55 The dominancy of the 

Figure 6 Cholesterol supplementation disproportionally benefits Atad3 mutant flies. Flies were maintained on a standard diet (SD) or a modified diet 
(MD) with or without cholesterol (Chl). (A) Each point indicates the number of control pupae and adults from crosses of flies that carry the UAS construct 
without a transgene (UAS-empty) and the ey-Gal4 driver. Pupae: differences between groups were analysed by unpaired, two-tailed Student’s t-test 
(SD versus MD, *P = 0.025; SD versus MD+Chl, *P = 0.022; MD versus MD+Chl, non-significant P = 0.058). Adults: Differences between groups were ana
lysed by unpaired, two-tailed Student’s t-test (SD versus MD, ***P = 0.0003) and unpaired, two-tailed Mann-Whitney U-test (SD versus MD+Chl, non- 
significant P = 0.057; MD versus MD+Chl, non-significant P = 0.0571). (B) Number of pupae and adults from crosses of flies that carry the 
UAS-dAtad3R472C transgene (dAtad3R472C) and the ey-Gal4 driver. Pupae: Differences between groups were analysed by unpaired, two-tailed Student’s 
t-test (SD versus MD, ***P = 0.0003; SD versus MD+Chl, *P = 0.032; MD versus MD+Chl, ***P = 9.38 × 10−7). Adults: differences between groups were ana
lysed by unpaired, two-tailed Student’s t-test (SD versus MD, ***P = 0.0007; SD versus MD+Chl, *P = 0.022; MD versus MD+Chl, **P = 0.003). n = 3 or 4 
independent experiments. Data are presented as the mean ± standard deviation. (C) Top: The complete life cycle of the fly. Bottom: The major develop
mental stages that are impeded by Atad3R472C raised on the modified diet (MD) and that are mitigated by cholesterol supplementation.
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p.R466C ATAD3A variant is supported by the data from Drosophila. 
Ubiquitous, pan-neuronal and neuromuscular system expression 
of the orthologous Drosophila mutant Atad3R472C caused lethality, 
strongly suggesting that Atad3R472C is a dominant-negative or a 
gain-of-function mutation (Fig. 4A). Eye-specific expression of 
dAtad3R472C resulted in partial lethality (Fig. 4A) and escapers fre
quently exhibited a marked developmental defect in the eye 
(Fig. 4B). Neuroblast-specific expression of dAtad3R472C also indi
cated that the loss of the arginine finger produces molecular 
changes in cholesterol and lysosomes in Drosophila (Figs 4C and 5) 
that parallel those of human fibroblasts with ATAD3A.R466C and 
ATAD3A/C (Figs 2 and 3). Hence, cellular cholesterol homeostasis 

appears to depend on the ATPase activity of ATAD3. While 
ATAD3 has also been proposed to serve as a scaffold for cristae 
maintenance,16 the structural and enzymatic roles of ATAD3 
need not be independent, as altered mitochondrial cholesterol up
take due to ATPase-deficient ATAD3 has the potential to disrupt 
cristae organization via altered membrane architecture. In any 
case, the behaviour of the ATAD3 mutants suggests they are unable 
to recruit or interact with cholesterol (microdomains), which in 
turn implies that ATAD3 regulates cholesterol in mitochondrial 
membranes.

The ATAD3 duplication causes a fatal infantile disorder, where
as the new point mutant permits largely normal development and 

Figure 7 Consequence of elevated cholesterol in ATAD3 disease. (1) Healthy control cell with normal cholesterol and lysosome levels (blue panel). In 
contrast, ATAD3 mutant cells (red panels) require more cholesterol than normal and the free cholesterol pool can be increased by reducing the number 
of cholesterol transporters (2), or remodelling cholesterol biosynthesis.6 The abundant free cholesterol leads to cholesterol aggregation in membranes 
and activation of the endolysosomal pathway to remove the aberrant membranes (3); however, cholesterol-engorged membranes are difficult to digest 
leading to many lysosomes with membrane whorls that are characteristic of lysosomal storage diseases (4).
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many decades of life, yet, both cellular disease models produce 
marked cholesterol and lysosomal abnormalities. This could 
mean that the cholesterol perturbations are only one element of 
ATAD3 disease, while the severe cardiac dysfunction associated 
with the duplication syndrome7,10 and the brain developmental ab
normality of the deletion syndrome6 might reflect another function 
of ATAD3. Alternatively, as increased cholesterol appears to be a 
ubiquitous response to ATAD3 dysfunction, it may be triggered 
even in the milder forms of the disease owing to mitochondrial 
cholesterol deficiency. In the latter scenario, the capacity of ele
vated cholesterol to mitigate ATAD3 disease, and any adverse sec
ondary consequences, are factors superimposed on the severity of 
the individual mutations. Moreover, abrogation of the same argin
ine finger in the fly and human produced marked differences in se
verity, despite the striking similarities in cholesterol and lysosomal 
changes in the two models. Thus, there remains much to learn 
about species- and tissue-specific effects of ATAD3 dysfunction, 
which may depend on a number of genetic modifiers. One species 
difference that might reduce the severity of the point mutant in hu
mans is the fine control of cholesterol homeostasis via sterol bio
synthesis that is unavailable to the fly. Although the two 
paralogues of ATAD3A in humans, ATAD3B and ATAD3C, which 
the fly also lacks, might attenuate the loss-of-function of 
ATAD3A, their impact in humans is limited in the case of the bial
lelic deletions and monoallelic duplications, as both these mutants 
cause fatal infantile syndromes despite retaining one or both of 
ATAD3B and ATAD3C.6,7,10

Finally, to our knowledge, this is the first application of the 
D4-cholesterol reporter in vivo. The reporter’s ability to reveal 
changes in cholesterol in biological membranes has considerable 
potential to answer many questions related to perturbed choles
terol homeostasis in a wide variety of animal models of human dis
eases, from neurodegeneration to neurological and cardiac disease.
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