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Elevated cholesterol is a common phenotype for dominant and recessive 
ATAD3-associated disorders
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Recently, Muñoz-Oreja et al.1 reported that elevated cholesterol 
functions as a compensatory mechanism to increase tolerance to 
pathological heterozygous dominant-acting ATAD3A variants, 
eventually leading to membrane-embedded cholesterol aggrega
tion in the form of membrane whorls. This excess cholesterol is a 
cellular and pathological abnormality in ATAD3-associated dis
order that can cascade to lysosomal insufficiency. Here we present 
a similar accumulation of free cholesterol and membrane whorls in 
two unrelated patients’ cells carrying pathological bi-allelic 
ATAD3A variants. Our results suggest that increased cholesterol 
is a common cellular response in both, autosomal dominant and re
cessive ATAD3-associated disorders, supporting the premise re
ported by Muñoz-Oreja et al.1

Novel bi-allelic ATAD3A variants

We report on four individuals from two different families carrying 
bi-allelic pathogenic variants in ATAD3A (NM_001170535.2) that are 
associated with a very rare, relatively distinct neurological phenotype 
(Fig.1A and B). Subjects F1:II.1 and F1:II.2 (siblings from Family 1) 
were compound heterozygous for a previously reported missense 
variant in combination with a novel nonsense variant: c.[229C>G]; 
[1687C>T], p.[(Leu77Val)]; [(p.Gln563*)] (Fig. 1A). The p.Leu77Val vari
ant, which entails the substitution of a conserved leucine (Fig. 1C), 

has been previously characterized as a mild hypomorphic variant.2

The novel c.1687C>T, p.Gln563* variant is predicted to introduce a 
stop codon resulting in a truncated protein (Fig. 1B). Subject F1:II.1 
presented with a significant motor development delay, severe dys
arthria, dysphagia, horizontal gaze palsy, slowed vertical saccades 
without the limited range of vertical eye movements, spastic tone 
elevation of extremities with axial hypotonia, and generalized dys
tonia. Walking was only possible with support. Her younger sister 
Subject F1:II.2 had learning difficulties and a diagnosis of attention- 
deficit/hyperactivity disorder and exhibited a bilateral congenital 
cataract but no additional neurological impairment. Detailed pheno
typic information can be found in the Supplementary material. By 
exome sequencing, we detected in Subjects F2:II.1 and F2:II.2 
(Family 2) the same missense p.Leu77Val variant identified in 
Family 1 on the maternal allele and a novel splice donor variant on 
the paternal allele c.384+1G>A, p.? (Fig. 1A and B). Subject F2:II.1 is 
a 41-year-old female who presented with cognitive impairment and 
early-onset cerebellar ataxia. Subject F2:II.2 is a male with early onset 
multisystemic degeneration, characterized by cognitive impairment, 
pyramidal and mild extrapyramidal symptoms. Additionally, both 
siblings exhibited bilateral congenital cataracts and chronic progres
sive external ophthalmoplegia (CPEO).

The identified variants are either absent from public 
databases such as gnomAD or have a very low allele frequency 
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(Supplementary Table 2), with none of them present in a homozygous 
state. All variants are predicted to be deleterious by several bioinfor
matic tools (PolyPhen, Sift, and CADD; Supplementary Table 2).

RNA-sequencing data revealed the presence of both variants 
in a heterozygous state on the RNA level in Subject F1:II.1 
(Supplementary Fig. 1A), which is in line with the general finding 
that nonsense-mediated decay (NMD) does not take place if a mutation 
occurs within the last exon. By contrast, in Subject F2:II.1 the RNA tran
script predominantly comprises the c.229C>G, p.Leu77Val variant, 
while transcripts with the c.384+1G>A mutation were mainly subject 
to degradation via NMD even though there is some evidence of a splice 
defect leading to skipping of exon 3 in seven reads (Supplementary Fig. 
1A). ATAD3A protein levels in Subject F1:II.1 were similar to the levels 
observed in her parent’s fibroblasts (heterozygous carriers) and to the 
levels exhibited in unrelated control fibroblasts (Fig. 1D and E). This re
sult indicates that the bi-allelic variants c.[229C>G]; [1687C>T], 
p.[(Leu77Val)];[(Gln563*)] do not affect the stability of the protein. 
Gln563* is predicted to create a truncated ATAD3A protein, 22 amino 
acids shorter (around 3 kDa). However, we could not detect a smaller 
Gln563* variant when the separation of ATAD3A was done on a 7.5% 
SDS-PAGE. Subject F2:II.1, by contrast, showed reduced ATAD3A levels 
(43% of the control, Fig. 1D and E), in agreement with the observed halv
ing of ATAD3A RNA levels (Supplementary Fig. 1C). Together, our data 
indicate that c.384+1G>A variant is a null allele.

Bi-allelic ATAD3A mutant cells exhibit increased 
cholesterol and multilamellar membrane structures

We previously investigated the in vivo function of ATAD3, 
using muscle and neuron-specific conditional knockout mouse 

models.3,4 This work suggested that loss of ATAD3 disrupted cristae 
morphology and altered cholesterol trafficking to the mitochondria 
in muscle tissue.3 In addition, perturbed cholesterol metabolism 
was observed in patients’ cells harbouring bi-allelic ATAD3 gene 
cluster deletions as well as monoallelic duplications.5,6 To deter
mine if cholesterol levels were altered in the fibroblasts of our pa
tients with ATAD3A bi-allelic variants, we stained free cholesterol 
with Filipin III (Abcam kit #ab133116), showing significantly more 
free-cholesterol staining (Fig. 2A and B), with Subject F1:II.1 having 
nearly four times more and Subject F2:II.1 three times more than 
controls (Fig. 2B). The observation of increased cholesterol in pa
tients’ cells carrying bi-allelic ATAD3A variants supports the hy
pothesis reported by Muñoz-Oreja et al.,1 that elevated cholesterol 
is a common mechanism to increase the tolerance to pathological 
ATAD3A variants.

We also performed RNA-sequencing of fibroblasts of Subject F1: 
II.1 in comparison to her healthy parents (heterozygous carriers). 
We detected a total of 370 differentially expressed genes (DEGs) be
tween the cell lines, of which 232 were up- and 138 downregulated. 
Interestingly, using the list of identified DEGs, Ingenuity Pathway 
Analysis revealed that the Superpathway of Cholesterol 
Biosynthesis, and Cholesterol Biosynthesis I, II and III pathways 
were among the top five upregulated canonical pathways in the pa
tient’s cells (Fig. 2C).

Previous experiments indicated that the p.Leu77Val variant 
leads to an increase in lysosomal and mito-phagosomal intermedi
ates in Drosophila adult muscles.2 To determine whether we 
see increased lysosomal content we performed double immunos
taining for the lysosomal marker LysoTracker and the mitochon
drial dye MitoTracker in the patients’ cells. Immunostaining with 

Figure 1 Pedigrees of investigated families with bi-allelic variants in ATAD3A and structure of the gene-protein. (A) Pedigrees of the investigated 
subjects with variants in ATAD3A (NM_001170535.2). (B) Schematic representation of gene structure and protein structure of ATAD3A with predicted 
domains. Annotations indicate the position of the variants as well as the conservation of the affected amino acid across different species. 
PR = proline-rich-domain; CC = coiled-coil domain. The transmembrane (TM) domains are shown in orange, the ATPase domain in red, and the 
Walker A motif and Walker B motifs are denoted with WA and WB, respectively. CDS = coding sequence; UTR = untranslated region. (C) Conservation 
of the affected amino acid (Leu77) across different species. (D) Western blot analysis of ATAD3A in whole cell lysates of fibroblast of Subject F1:II.1, 
her parents, Subject F2:II.1, and control normalized to actin. Immunoblotting with ATAD3 antibody showed two bands, the lower band being compatible 
with the 66 kDa ATAD3A isoform 2 and the upper faint band being compatible with the 72 kDa ATAD3B protein. (E) Quantification of the western blot 
analysis shown in D. The normal data distribution was checked using the Shapiro-Wilk test. Data are organized in a nested table and graphed using a 
column graph with mean ± standard error of the mean (SEM) (n = 3). The values of the patients were analysed with a single sample t-test with the refer
ence value 100% resembling the mean of the control. Subject F2:II.1 versus control **P = 0.003. Ctr = control.
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LysoTracker revealed that the cells carrying bi-allelic variants in 
ATAD3A showed increased activity compared to control cells 
(Fig. 2D). This is consistent with the observations of Muñoz-Oreja 
et al.1 that enhanced cholesterol in cells increases the lysosomal 
content. Transmission electron microscopy (TEM) analysis of 

patients’ cells with ATAD3A bi-allelic variants revealed several lyso
somes containing multilamellar membrane structures (Fig. 2E, ar
rows). By contrast, these structures were scarce in the control 
fibroblasts (Supplementary Fig. 2B). Our results support the findings 
reported by Muñoz-Oreja et al.,1 that the increased free cholesterol 

Figure 2 Patient’s cells with bi-allelic variants in ATAD3A display increased cholesterol levels, increased LysoTracker staining, and structures similar 
to lamellar bodies. (A) Immunofluorescence images of free cholesterol detected by filipin labelling of fibroblasts of Subjects F1:II.1 and F2:II.1, as well as 
control cell lines. Treatment with 2.5 µM of U18666A for 72 h was used as a positive control. Scale bars = 50 µm. (B) Quantification of filipin raw inte
grated density per cell. Data are shown as per cent of the control (Ctr). Data are the result of three independent experiments for patients and controls 
and graphed using a column graph representing mean ± standard error of the mean. Then it was analysed with a single sample Wilcoxon test with the 
reference value 100% resembling the mean of the control. Subject F1:II:1 P < 0.0001; F2:II:1 P = 0.0091. (C) Representation of the five most dysregulated 
pathways in RNA sequencing-based transcriptome data of Subject F1:II.1’s fibroblasts compared to her healthy parents Subjects F1:I.2 and F1:I.1. 
Analysis was performed on Ingenuity Pathway Analysis (IPA) software (v60467501, QIAGEN). Pathways are sorted in descending order based on their 
P-values, which are displayed in the graph as −log (P-value). Upregulated pathways are highlighted in orange based on positive z-scores. Pathways with 
indistinct activation patterns are indicated in grey. (D) Confocal images of the fibroblasts of patient and control fibroblasts. The signal of the 
MitoTracker staining is shown in red, LysoTracker in green and DAPI in blue. Scale bars = 20 µm. (E) Transmission electron microscopy images of skin- 
derived fibroblasts of Subject F1:II.1 and Subject F2:II.1. Arrows indicate structures similar to lamellar bodies contained in lysosomes. Scale bars =  
1000 µm (lower magnification); 400 nm (higher magnification).
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associated with pathological ATAD3A variants accumulates in 
membrane structures similar to lamellar bodies, and now extend 
these findings also to bi-allelic ATAD3A disease. This cholesterol ac
cumulation in membranes is expected to contribute to the molecu
lar pathomechanism of the disease observed in our patients, given 
that altered cholesterol trafficking is associated with neurological 
phenotypes in lysosomal storage disorders such as Niemann-Pick 
disease type C.7 Here it might also open new avenues to translation
al treatment targets geared at restoring cholesterol trafficking.

In addition, we analysed mitochondrial ultrastructure by TEM 
on patients and control fibroblasts. Patients’ cells showed both 
mitochondria with normal architecture, but also mitochondria 
with ultrastructural abnormalities, such as the loss of cristae re
sulting in increased matrix space and/or decreased cristae junc
tions (Supplementary Fig. 3), not seen in similar quantity in 
controls. These findings indicate that the bi-allelic variants de
tected in our patients interfere with mitochondrial cristae shaping 
or maintenance.

In conclusion, our findings suggest that pathogenic recessive 
ATAD3A variants lead to similar compensatory mechanisms re
garding cholesterol metabolism as the dominant variants. 
However, our fibroblasts show lower intensity of the cellular altera
tions than previously reported by Muñoz-Oreja et al.,1 indicating a 
milder response. Our patient’s cells carrying bi-allelic variants 
showed between three and four times more filipin-labelled free 
cholesterol, while those with dominant mutations exhibited 10 
times that of control cells.1 Further research is needed to under
stand the similarities and differences in the pathomechanisms of 
recessive versus dominant ATAD3A variants as well as the varying 
clinical expressivity as observed in our patients. Possibly, the dis
crepancies in cholesterol aggregation height could be explained 
by the different molecular defects, as the dominant variants affect 
a conserved arginine in the ATP domain of ATAD3A, and presum
ably impair ATAD3 function by affecting the hydrolysis of the 
ATP. By contrast, the bi-allelic variants detected in our patients 
located in the N-terminal (p.Leu77Val), and in the C-terminal 
(p.Gln563*) domain are predicted to affect the formation of 
ATAD3A homodimers. Nevertheless, the precise mechanism by 
which the lack of ATAD3A causes a defect in cholesterol trafficking 
in the mitochondria remains unknown, as its precise function has 
yet to be determined.

Furthermore, we report two previously unreported variants, 
p.(Gln563*) and c.(384+1G>A) expanding the list of variants asso
ciated with autosomal recessive ATAD3A disease. The missense 
c.229C>G, p.Leu77Val variant was previously detected in trans 
with loss of function alleles in five patients from three unrelated 
families.2,8 All those patients exhibited severe neurological pheno
types and deceased before the age of 2 years (Supplementary 
Table 3). However, our cases from Family 2, carrying the 
c.229C>G, p.Leu77Val variant, in trans with the novel loss of func
tion variant c.(384+1G>A), exhibited a surprisingly mild phenotype, 
which substantially extend and change the perspective on this vari
ant from previous reports (Supplementary Table 3). Our findings 
thus underline the wide spectrum of clinical presentations asso
ciated with the p.Leu77Val variant, suggesting that other genetic 
and/or ambient factors influence the onset and severity of the dis
ease making the prognosis of those patients challenging.
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