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Recurrent De Novo and Biallelic Variation of ATAD3A,
Encoding a Mitochondrial Membrane Protein,
Results in Distinct Neurological Syndromes
Tamar Harel,1,31,* Wan Hee Yoon,2,3,31 Caterina Garone,4 Shen Gu,1 Zeynep Coban-Akdemir,1 

Mohammad K. Eldomery,1 Jennifer E. Posey,1 Shalini N. Jhangiani,1,5 Jill A. Rosenfeld,1,6
Megan T. Cho,7 Stephanie Fox,8 Marjorie Withers,1 Stephanie M. Brooks,9 Theodore Chiang,5
Lita Duraine,2,3 Serkan Erdin,10,11 Bo Yuan,1,6 Yunru Shao,1 Elie Moussallem,1 Costanza Lamperti,12 

Maria A. Donati,13 Joshua D. Smith,14 Heather M. McLaughlin,7 Christine M. Eng,1,6
Magdalena Walkiewicz,1,6 Fan Xia,1,6 Tommaso Pippucci,15 Pamela Magini,16 Marco Seri,15,16 Massimo
Zeviani,12 Michio Hirano,17 Jill V. Hunter,18 Myriam Srour,19 Stefano Zanigni,20,21
Richard Alan Lewis,1,22,23 Donna M. Muzny,5 Timothy E. Lotze,23,24 Eric Boerwinkle,5,25 Baylor-Hopkins
Center for Mendelian Genomics, University of Washington Center for Mendelian Genomics, Richard
A. Gibbs,1,5 Scott E. Hickey,9 Brett H. Graham,1 Yaping Yang,1,6 Daniela Buhas,8,26
Donna M. Martin,27,28 Lorraine Potocki,1,23 Claudio Graziano,15 Hugo J. Bellen,1,2,3,29,30
and James R. Lupski1,5,22,23,*

ATPase family AAA domain containing protein 3A (ATAD3A) is a nuclear encoded mitochondrial membrane protein implicated in mito 
chondrial dynamics, nucleoid organization, protein translation, cell growth, and cholesterol metabolism. We identified a recurrent de 
novo ATAD3A c.1582C>T (p.Arg528Trp) variant by whole exome sequencing (WES) in five unrelated individuals with a core phenotype 
of global developmental delay, hypotonia, optic atrophy, axonal neuropathy, and hypertrophic cardiomyopathy. We also describe two 
families with biallelic variants in ATAD3A, including a homozygous variant in two siblings, and biallelic ATAD3A deletions mediated by 
nonallelic homologous recombination (NAHR) between ATAD3A and gene family members ATAD3B and ATAD3C. Tissue specific over 
expression of borR534W, the Drosophila mutation homologous to the human c.1582C>T (p.Arg528Trp) variant, resulted in a dramatic 
decrease in mitochondrial content, aberrant mitochondrial morphology, and increased autophagy. Homozygous null bor larvae showed

a significant decrease of mitochondria, while overexpression of borWT resulted in larger, elongated mitochondria. Finally, fibroblasts of 
an affected individual exhibited increased mitophagy. We conclude that the p.Arg528Trp variant functions through a dominant nega 
tive mechanism that results in small mitochondria that trigger mitophagy, resulting in a reduction in mitochondrial content. ATAD3A 
variation represents an additional link between mitochondrial dynamics and recognizable neurological syndromes, as seen with MFN2, 
OPA1, DNM1L, and STAT2 mutations.
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recognizable human syndromes including optic atrophy
peripheral neuropathy, cardiomyopathy, brain malforma

tions, and developmental delay as recurrent features.
ATAD3A (MIM: 612316) is ubiquitously expressed and

encodes an ATPase family AAA-domain containing protein
3A (ATAD3A) that simultaneously interacts with the outer
and inner mitochondrial membranes. In vitro studies

show that ATAD3A is involved in diverse cellular processes
including mitochondrial dynamics,15 mitochondrial DNA

(mtDNA) maintenance and replication,16 channeling o
cholesterol for steroidogenesis,17,18 and resistance of can
cer cells to therapy.19,20 Co-immunoprecipitation in lung
adenocarcinoma cell lines revealed evidence for interac
tion of ATAD3A with MFN2, OPA1, and DNM1L,21 suggest

ing that ATAD3A may affect mitochondrial dynamics via
interaction with these proteins.
The ATAD3 gene family in humans includes three paral

ogs (ATAD3A, ATAD3B [MIM: 612317], and ATAD3C) posi
tioned in tandem on chromosome 1p36.33 and appears to
have recently evolved by duplication of a single ancestra
gene.22,23 Disruption of the Drosophila ortholog (bor)

which has ~70% similarity to human ATAD3A, results in
growth arrest during larval development.15 The ortholog
in C. elegans is essential for mitochondrial activity and
development.24 Atad3 homozygous null mice are embry

onic lethal at day E7.5 due to growth retardation and defec
tive development of the trophoblast lineage, whereas het
erozygotes for a loss-of-function allele seem unaffected.22

RNAi studies of ATAD3A in HeLa and lung cancer cells
have documented increased mitochondrial fragmentation

and a decreased co-localization of mitochondria and endo
plasmic reticulum (ER).21 Despite multiple studies in vitro
and in animal models, the precise function of ATAD3A has
not been elucidated to date.
We identified an identical de novo heterozygous variant in 

ATAD3A in five individuals. In addition, we identified two 
families with biallelic single-nucleotide variants (SNVs) 
or copy-number variants (CNVs) involving ATAD3A. Our

data indicate that both monoallelic and biallelic pathogenic 
variation in ATAD3A led to the observed neurological phe-
notypes in these seven families. Functional studies in fibro-
blasts from an affected individual and in D. melanogaster re-
vealed significant mitochondrial abnormalities and indicate 
that ATAD3A is required to maintain the proper size and 
number of mitochondria in neurons and muscles.
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Material and Methods

Subjects
Families 1, 2, 3, 5, and 7 provided consent according to the Baylor
Hopkins Center for Mendelian Genomics (BHCMG) research pro
tocol H 29697, approved by the Institutional Review Board (IRB
at Baylor College of Medicine (BCM). Families 4 and 6 provided
consent according to protocol M0010, approved by the IRB a
Meyer Children Hospital, Florence, and protocol 13084, approved
by the IRB at AUSL, Bologna, respectively. Subjects are described
further in Tables 1 and S1.
Whole-Exome Sequencing
Family 1, II 2 (proband), family 5 (parents and proband), and fam
ily 7 (proband) had whole exome sequencing (WES) at Baylor Ge

netics (BG, BCM) according to the protocol described in Yang et 
al.25 After clinical WES results were unrevealing for a potential 
etiologic molecular diagnosis in known disease genes, parental 
exome sequencing for family 1 was obtained through the BHCMG 
research initiative. In brief, DNA samples were prepared into Illu
mina paired end libraries and underwent whole exome capture 
with the BCM HGSC core design (52 Mb, Roche NimbleGen), fol
lowed by sequencing on the Illumina HiSeq 2000 platform (Illu
mina). Data produced were aligned and mapped to the human 
genome reference sequence (hg19) by the Mercury pipeline.26 Sin

gle nucleotide variants (SNVs) were called with the ATLAS (an 
integrative variant analysis pipeline optimized for variant discov
ery) variant calling method and annotated by the in house devel

oped ‘‘Cassandra’’ annotation pipeline that uses ANNOVAR 
(Annotation of Genetic Variants) and additional tools and data
bases.27 29 De novo variants were calculated by an in house devel
oped pipeline (DNM Finder) for in silico subtraction of parental 
variants from the proband’s variants in vcf files while accounting 
for the read number information extracted from BAM files. Bio
informatic tools predicted conservation and pathogenicity of 
candidate variants, and variants were compared against both an 
internal database (~5,000 exomes) and publicly available data
bases such as the 1000 Genomes Project, the Exome variant server, 
NHLBI GO Exome Sequencing Project (ESP), the Atherosclerosis 
Risk in Communities Study (ARIC) Database, and the Exome 
Aggregation Consortium (ExAC) database. Families 5 and 7 were 
identified through an internal database. The GeneMatcher tool 
facilitated identification of four additional families with variants 
of interest in ATAD3A.30 Detailed sequencing methods for these 
families can be found in the Supplemental Data.

PCR Amplification and Sanger Sequencing
An amplicon containing the ATAD3A variant was amplified from 
genomic DNA by conventional PCR, with a primer design that 
ensured specific amplification of ATAD3A and not its homolog 
ATAD3B. Representative primers for family 1, II 2 were ATAD3A
F1 (50 CCC CTC CAA AGA GGA TGT TT 30) and ATAD3A R1 
(50 CAA CTG AGC ATC TCC ACA GC 30). Additionally, the homol

ogous exon of ATAD3B was sequenced with a specific intronic 
primer: ATAD3B F1 (50 TGC CTC ACT TGG GAA CTC C 30) and 
ATAD3B R1 (50 ACA GAA GCT CCC ACA TGA CA 30). PCR 
products were purified by ExoSAP IT (Affymetrix) and analyzed by 
standard Sanger di deoxy nucleotide sequencing (DNA Sequencing 
Core Facility, Baylor College of Medicine). Details for Sanger valida
tion and segregation of variants in other individuals can be found 
in the Supplemental Data.

3D Modeling of Protein Structure
The 3D protein structure model of ATAD3A (GenBank: 
NM 001170535.1) was predicted by I TASSER.31,32 The side chain 
orientation of the mutant residue was obtained by the PyMol 
Molecular Graphics System, v.1.5 Schrodinger, LLC. Amino acid 
conservation was obtained from the Consurf server based on 
sequence analysis.33

Biochemistry
The activities of mitochondrial respiratory chain complexes (I IV) 
and Citrate Synthase (CS) were measured in skeletal muscle



Table 1. Comparison of the Phenotypic Features of Seven Individuals with ATAD3A Variants

Monoallelic Biallelic

Family 1, II-2 Family 2, II-4 Family 3, II-1 Family 4, II-1 Family 5, II-1 Family 6, II-1 Family 6, II-2 Family 7, II-1

Age at last exam 9 years 5 years 3 years 5 years 23 months 26 years 24 years 5 days

Gender F F M F M F M F

DD þ þ þ þ þ þ þ NR

ID þ (mild) þ þ þ þ þ (mild) NR

Seizures þ þ þ

Optic atrophy þ þ þ

Congenital cataract þ þ

Corneal clouding þ

Hypotonia þ þ þ þ þ þ þ þ

Spasticity þ þ þ þ þ

Pectus carinatum þ þ

Peripheral neuropathy þ þ þ þ borderline NR

Hypertrophic cardiomyopathy þ þ mild RVH with septal
hypertrophy (newborn)

Elevated plasma lactate þ (mild) þ (intermittent) þ NR NR þ NR

Cerebellar atrophy/ hypoplasia þ (moderate) þ (mild) þ (severe)

MR spectroscopy normal NR lactate peak NR NR reduction of left
cerebellar hemisphere
NAA

normal reduction of NAA,
increased choline

Other ADHD deficiency
complex
IþIII

methyl-glutaconic
aciduria; growth hormone
deficiency; dystonia

methyl-glutaconic
aciduria; deficiency
complex IIþIII, IIþCS

47,XXY delayed puberty,
hyposomia

delayed puberty, delayed
bone age, hyposomia,
cryptorchidism

smooth sulcal/gyral
pattern, hypoplasia
of posterior fossa
structures, intubated
at birth; deceased at
13 days

Abbreviations are as follows: ADHD, attention deficit hyperactivity disorder; CS, citrate synthase; DD, developmental delay; F, female; ID, intellectual disability; IQ, intelligence quotient; M, male; MR, magnetic resonance;
NAA, N-acetyl aspartate; NR, not reported; RVH, right ventricular hypertrophy.



homogenates and digitonin treated cultured skin fibroblasts as 
described previously.34 Activities are expressed relative to CS for 
the muscle or relative to mitochondrial protein for fibroblasts.

Detection of CNV from WES Read Depth Analysis 
Internal databases were screened for homozygous CNVs using 
two in house developed algorithms. The first method utilized a 
dual normalization approach consisting of principal component 
analysis (PCA) XHMM35 intermediates and read per kilobase per 
million mapped reads (RPKM). The former normalized raw read 
depth values with PCA, which were then centered by exon target 
on a Z score scale, whereas the latter was normalized at the sample 
level (RPKM). The intersection of two orthogonal normalization 
approaches (target based and sample based) allowed for an 
enhancement in signal and reduction in noise. In each method, 
we removed exons with extreme GC content and low complexity 
biases from analysis. Regions with either very high or very low GC 
content are more likely to be captured poorly by WES. Complete 
homozygous and hemizygous exon deletions were called by strict 
filtering criteria, including exon target Z scores less than 2 and 
RPKM equal or near 0. The second algorithm, in the R program
ming language, was also based on the total number of reads (TR) 
in each exon and normalized read depth values (RPKM).

High-Density Array Comparative Genomic 
Hybridization
To further characterize the CNVs involving the ATAD3A genomic 
region, we designed an 83 60K oligonucleotide array with ~200 bp 
per probe spacing from Agilent Technologies (AMADID 082882). 
DNA from HapMap individual NA15510 was used as hybridization 
control. Scanned array images were processed using Agilent 
Feature Extraction software (v.10) and extracted files were 
analyzed using Agilent Genomic Workbench (v.7.0.4.0). Array de
signs and sequence alignment for breakpoint analysis were based 
on the February 2009 genome build (GRCh37/hg19 assembly).

Evaluation of CNV Boundaries and Breakpoint 
Junction Analysis
Droplet digital PCR (ddPCR) was performed using the QX200 Au
toDG Droplet Digital PCR System from Bio Rad according to man

ufacturer’s protocols. In brief, a 20 mL mixture was set up for each 
PCR reaction, containing 10 mL of  23 Q200 ddPCR EvaGreen 
Supermix, 0.25 mL of each primer (10 mM) and 20 ng of genomic 
DNA. Reaction mixture was subjected to automatic droplet gener
ation, followed by PCR reaction and droplet reading. Cycling con
ditions for PCR were as follows: 5 min at 95�C, 40 cycles of 30 s at 
95�C/1 min at 67.1�C/1 min at 72�C, 5 min at 4�C, 5 min at 90�C 
and final hold at 4�C. Ramp rate was set for 2�C per s for all steps. 
Data were analyzed with QuantaSoft Software (Bio Rad), and con
centrations of positive droplets (number of positive droplets per 
mL of reaction) were obtained for each PCR reaction. Raw data of 
ddPCR and primer sequences are shown as Table S2.

The breakpoint junctions were amplified with either TaKaRa 
LA Taq (Clontech) or QIAGEN HotStarTaq DNA Polymerase ac
cording to the manufacturer’s protocol. The breakpoint junction 
of BAB8733 (family 7, II 2) was amplified with the following 
primers: BAB8733 del F1 (50 TTG GAG TTC TGT GGT CCT 
GG 30) and BAB8733 del R1 (50 CAG GCC CAC ACT GCT 
GAC 30), while the wild type allele was amplified with 
BAB8733 wt F2 (50 ATG GGC ACA GTC ACA GGT TT 30) and 
BAB8733 del R1. The breakpoint junction of BAB8734 (family
7, II 1) was amplified with the primers BAB8734 del F3 (50 GAG

AGC GGA GTC CAC ACC 30) and BAB8734 del R3 (50 GGA

AAC CAA CCA CAC ACG G 30), while the wild type allele was

amplified with BAB8734 del F3 and BAB8734 wt R4 (50 CTG
ATC CAC CGA CAG AAG CAG 30).

Miropeats
TheMiropeats program descriptively illustrates the genomic archi

tecture by plotting the intra species alignments of the reference

genome. ICAass (v.2.5) algorithm performed DNA sequence com

parisons, and Miropeats (v.2.01) was then applied for converting

the comparisons into graphical display based on the position

andmatching quality.36 A threshold of 200 was set for comparison

of human paralogs.

Fly Strains and Maintenance
The following stocks were obtained from the Bloomington Stock

Center at Indiana University (BDSC):

w1118; PBac{PB}borc05496/TM6B, Tb1

w1118; Df(3R)Exel7329/TM6B, Tb137

y1 w*; tubulin Gal4/TM3, Sb1 Ser1

w*; Ubi Gal4 /CyO

yw;þ; n syb Gal4

w; D42 Gal4 UAS mito HA GFP e/TM6B, Tb (from Bill Saxton)

w; C57 Gal4

All flies weremaintained at room temperature (21�C). All crosses
were kept at 21�C except those for C57 Gal4 (25�C).

Cloning and Transgenesis
LD30988, an EST of bor (Drosophila Genomics Resource Center),

contains a mutation that causes a substitution of an amino acid

(D40 to Y) and an insertion of 72 additional nucleotides near

the 30 end. Thesemutations were corrected by site directed PCR us

ing primers bor Y40/D F (50 acg gcc ggc gag aag tcc ggg Gat tcg

caa ctg agc cgg gcg 30) and bor Y40/D R (50 cgc ccg gct cag ttg

cga atC ccc gga ctt ctc gcc ggc cgt 30); LD30988 F (50 CAG CCT

GCC GCT GCG GGT GCC AAG cgg ttc aaa ctg gac acc ttt gat 30)
and LD30988 R (50 atc aaa ggt gtc cag ttt gaa ccg CTT GGC ACC

CGC AGC GGC AGG CTG 30). All final clones were confirmed

by sequencing.

To generate bor p.Arg534Trp (R534W) (equivalent to human

p.Arg528Trp), we performed site directed mutagenesis using

primers 50 ctg tgc gag ggt atg tcg ggt TgG gaa atc tcc aag ctg ggc 30

and 50 gcc cag ctt gga gat ttc CcA acc cga cat acc ctc gca cag 30.
The corrected bor EST clone and bor (R534W) clone were amplified

by PCR using primers bor F BamHI (50 cat ttt GGA TCC aaa ATG

TCG TGG CTT TTG GGC AGG 30) and bor R NotI (50 tgt aaG

CGG CCG CTT ACA GTT TCT TTG CAG TTA G 30). The PCR

products were subcloned into BglII/NotI sites in a pUASTattB38

vector to generate pUASTattB borWT and pUASTattB borR534W.

The pUASTattB constructs were injected into y,w,FC31; VK37

embryos39 and transgenic flies were selected.

Larvae Dissection and Immunostaining
For muscle and axon staining, third instar larvae were dissected as

described in Bellen and Budnik.40 In brief, third instar larvae were

fixed in 4% formaldehyde for 30 min at room temperature, rinsed

inPBS twice, andwashed inPBS containing0.3%TritonX 100 three

times. The primary antibodies were used at the following dilutions:

mouse anti ATP5A 1:500 (abcam), chick anti GFP 1:1,000 (abcam),

mouse anti Dlg 1:250 (mAb 4F3, DSHB; developed by C.S.



Goodman, Renovis), and rabbit anti HRP 1:1,000 (Jackson Immu

noResearch). Alexa 488 conjugated (Invitrogen) and Cy3 or Cy5

conjugated secondary antibodies (Jackson ImmunoResearch) were

used at 1:120. Samples were mounted in Vectashield (Vector Labs).

Alexa Fluor 568 phalloidin (ThermoFisher) was used at 1:1,000.

Bright-Field Imaging and Transmission Electron

Microscopy of Flies
Drosophila larval muscles and neuro muscular junctions (NMJs)

were imaged according to standard electronmicroscopy procedures

using a Ted Pella Bio Wave processing microwave with vacuum

attachments. In brief, whole first instar larvae were dissected at

room temperature under modified Karnovski’s fixative consisting

of 2% paraformaldehyde, 2.5% glutaraldehyde, in 0.1 M sodium

cacodylate buffer at pH 7.2. The NMJ muscle samples were filleted

undermodifiedKarnovski’s fixative andallowed to sit pinnedunder

fixative for 40 min. After dissection the first instar larvae and NMJs

were fixed for 2 days in freshmodified Karnovski’s fixative rotating

in a 4�C cold room. After 2 days in fixative, the samples were irradi

atedusing theTedPellaBiowaveMicrowave, rinsed three timeswith

Millipore water, post fixed with 1% aqueous Osmium Tetroxide,

and rinsed again three times with Millipore water.

Concentrations from 30% 100% of ethanol were used for the

initial dehydration series, followed with propylene oxide as the

final dehydrant. The samples were gradually infiltrated with 3 ra

tios of propylene oxide and Embed 812, finally going into three

changes of pure resin all under vacuum. Samples were allowed

to infiltrate in pure resin overnight on a rotator. The samples

were embedded into flat silicone molds and cured in the oven at

62�C for 3 days. The polymerized samples were thin sectioned at

50 nm and stained with 1% uranyl acetate for 12 min followed

by lead citrate for 2 min before TEM examination. Grids were

viewed in a JEOL 1400 Plus transmission electron microscope at

80 kV. Micrographs were captured by an AMT XR 16 mid mount

16 mega pixel digital camera.

Fibroblast Culture and TEM
Human fibroblasts were grown in DMEM (10569 010, Life Tech

nologies) supplemented with 10% fetal bovine serum (FBS) and

penicillin streptomycin (Sigma) at 37�C. For fixation, cells were

placed in a 50:50 media/fix solution with Karnovski’s fixative

(2% paraformaldehyde and 2.5% glutaraldehyde in 1% sodium ca

codylate buffer) for 10 min, followed by 100% Karnovski’s fixative

for 45 min. Cells were scraped and placed into micro centrifuge

tubes, spun down at 1,500 3 g for 3 min, and left in fresh fixative

for 15 min after an additional centrifugation. The cell pellets were

then subjected to a normal processing procedure as above.

Immunoblotting Analysis
Protein concentration was quantitated using the Bio Rad DC pro

tein assay. 10 mg of total lysate or DDM treated crude mitochon

dria protein were analyzed by electrophoresis in NuPage Novex

4% 12% bis tris gel (Invitrogen). After electrophoresis, proteins

were transferred electrophoretically to a PVDF membrane and

probed with the following antibodies: rabbit polyclonal anti

ATAD3A (1:1,000, Novus Biological), anti GAPDH (1:10,000,

Abcam), or anti VDAC1 (1:10,000, Abcam). HRP conjugated

anti rabbit or anti mouse IgG secondary antibodies (Promega)

were used at a dilution of 1:3,000. The protein bands were visual

ized by chemiluminescence, using reagents purchased from GE

Healthcare.
Results

De Novo ATAD3A Variant Is Associated with Optic 
Atrophy and Peripheral Neuropathy

The clinical findings of five affected individuals from five 
families with an identical, recurrent de novo variant in 
ATAD3A (g.chr1:1464679C>T [hg19]; GenBank: 
NM 001170535.1; c.1582C>T [p.Arg528Trp], Figures 1 
and S1 S4) are summarized in Tables 1 and S1; detailed 
case reports can be found in the Supplemental Data and 
photographs are available in Figure 2. The phenotypic 
spec-trum included developmental delay (5/5), hypotonia 
(5/5), optic atrophy (3/5), peripheral neuropathy (4/5), and 
hy-pertrophic cardiomyopathy (2/5). Mitochondrial 
dysfunc-tion was suggested in different cases by 
intermittently or mildly elevated plasma lactate, a lactate 
peak on MR spec-troscopy, slightly increased excretion of 
3-methylgluta-conic acid, and/or deficiency in respiratory 
chain activities on muscle homogenate (Supplemental 
Data). These pheno-typic features bear striking 
resemblance to those encoun-tered with pathogenic 
variation in other mitochondrial fission and fusion 
proteins, including DNM1L,10,11 MFN2,5,7 OPA1,8,9 and 
SLC25A4613 (Figure S5).
The c.1582C>T variant has robust bioinformatic 

damaging predictions (Table S3), arose at a CpG dinucleo-
tide (Figure 1B),41–43 and was absent from internal and 
publicly available databases, including the ExAC database 
of ~60,000 unrelated individuals. 3D structural modeling 
further supported pathogenicity, as the long side chain of 
arginine at position 528 is replaced by the flat aromatic 
ring of tryptophan and alters the configuration of a 
conserved pocket, possibly a functional site (Figure 1D). To 
ensure that the variant was specific to ATAD3A and to 
investigate the possibility of gene conversion from the 
highly homologous ATAD3B, primer design was tar-geted 
to specific intronic sequences flanking the exon. No 
variation was seen in ATAD3B, suggesting that the 
c.1582C>T variant is specific to ATAD3A. This argues 
against gene conversion as a mutational mechanism 
(Figure S1).
Sanger sequencing of the maternal sample in family 4 

suggested low-level mosaicism in genomic DNA derived 
from blood (Figure S3). Nerve conduction velocities of the 
mother (family 4, I-2) were within normal range; how-ever, 
she had cardiac arrhythmia diagnosed in childhood and 
required a pacemaker, which might be a clinical 
phenotype relevant to the ATAD3A variation given the car-
diac phenotype in two individuals with the recurrent de 
novo variant and our inability to assess the degree of mosa-

icism in the mother’s heart tissue. The proband in family 5 
had a dual molecular diagnosis, including Klinefelter syn-
drome and the ATAD3A variant. Dual molecular diagnoses 
have been documented in ~4.6% 7.2% of molecularly 
diagnosed individuals.25,44–46 Both of these clinical situa-
tions, parental mosaicism and dual molecular diagnoses, 
require specific consideration with respect to prognosis 

and recurrence risk for the families.47,48



Figure 1. Pedigrees and ATAD3A Variant Details
(A) Pedigrees of studied families, indicating the recurrent de novo single nucleotide variant (SNV) in ATAD3A in families 1 5, a homo
zygous SNV in family 6, and compound heterozygous deletion copy number variants (CNVs) in family 7.
(B) Sanger validation of the ATAD3A variant in family 1.
(C) The p.Thr53Ile and p.Arg528Trp substitutions alter conserved residues.
(D) Protein structure prediction shows replacement of the arginine long side chain by a flat aromatic ring of tryptophan. Color spectrum 
indicates high conservation of the Arg528 residue. Surface structure modeling indicates that the arginine at position 528 resides in a 
conserved pocket, possibly a functional site. The mutation alters the configuration of the pocket.
(E) Schematic representation of ATAD3A (isoform 2) with indication of the coiled coil domain (CC), transmembrane domain (TMD), 
and AAA domain including Walker A and Walker B ATP binding and ATPase domains, respectively. Localization of the altered 
residues in families 1 6 is indicated. The three human ATAD3 genes are located in tandem on chromosome 1p36.33.
Homozygous ATAD3A Single-Nucleotide Variant 
Identified in Siblings with Congenital Cataract, Ataxia, 
and Seizures
In a sixth family (Figures 1A and 2I 2L), two siblings born 
to distantly related parents presented with motor develop-
mental delay, speech delay, congenital cataracts, seizures, 
ataxia, hypotonia, and reduced muscle strength in the 
extremities (Tables 1, S1, Supplemental Data). Magnetic 
resonance imaging (MRI) revealed hypoplasia of the optic 
nerves and cerebellar atrophy (Figures 2O and S6), and 
magnetic resonance spectroscopy (MRS) revealed a moder-

ate reduction of N-acetyl aspartate to creatine (NAA/Cr) 
ratio in the cerebellum, indicating neuronal-axonal degen-
eration. No CSF lactate was detected. Muscle biopsy of the 
male sibling showed slight increase of Oil Red O (ORO) and 
sub-sarcolemmal COX activities. Mitochondrial respira-
tory chain enzyme analysis in muscle homogenate and in 
skin fibroblasts revealed normal activities (Table S4). The 
variant with the strongest bioinformatic predictions shared 
by the siblings was a homozygous ATAD3A variant 
(g.chr1:1447806C>T [hg19]; GenBank: NM 001170535.1; 
c.158C>T [p.Thr53Ile]), found in an ~700 kb run of homo-

zygosity (ROH). Bioinformatic predictions and in silico 
modeling supported pathogenicity (Table S3, Figure S7). 
The genetic data suggest that biallelic variation in ATAD3A 
might lead to a distinct neurological phenotype as a reces-
sive disease trait.

Biallelic Deletion of ATAD3A Is Associated with 
Infantile Lethality
The high homology between the three ATAD3 paralogs, as 
depicted by Miropeats alignment of this region to itself



Figure 2. Clinical Findings of Affected Individuals
(A C) Family 1, II 2 at 6 years (A) and 8 years (B), showing high forehead (B) and marked atrophy of the lower legs (C).
(D and E) Family 2, II 4 at 5 years with high forehead, small nose, and thin hair.
(F) Family 4, II 1 at 5 years with triangular facies, micrognathia, and low set ears.
(G and H) Family 5, II 1 at 23 months, with frontal bossing, deep set eyes, and micrognathia.
(I L) Individuals II 2 (I, J) and II 1 (K, L) from family 6, demonstrating elongated face, triangular nose and prognathism, and pectus
carinatum (I).
(M P) Mid sagittal T1 weighted brain magnetic resonance imaging (MRI) images from affected individuals.
(M and N) Individuals with heterozygous recurrent de novo variant show either no significant abnormalities (M, family 1, II 2 at 6 years)
or prominent extra axial spaces and incomplete myelination (N, family 5, II 1 at 8 months).
(O) Family 6, II 1, harboring a homozygous ATAD3A missense variant, had moderate atrophy of the cerebellum (arrow) at age 26 years.
(P) MRI of family 7, II 1, with biallelic deletion of ATAD3A, showed very poor gyration and sulcation (arrowheads) and hypoplastic
cerebellum, vermis, and brainstem (arrow).
(Figure 3A), provides an endogenous genome architecture 
as substrate for nonallelic homologous recombination 
(NAHR) in this region and is predicted to make this locus 
susceptible to genomic instability.49,50 Indeed, multiple 
heterozygous CNVs at the ATAD3 locus have been reported 
in the Database of Genomic Variants (DGV, Figure S8A), 
yet no biallelic CNVs are reported.
Through analysis of WES data read depth, we identified a 

case subject with a biallelic deletion involving exons 1 5 of 
ATAD3A (Figure 3B). The proband (BAB8780 or family 7, 
II-1 in Figure 1A) had reduced fetal movement, respiratory 
fail-ure requiring intubation at birth, cloudy corneas, 
seizures, and cerebellar and brainstem hypoplasia (Figure 
2P). He died at 13 days. Targeted array comparative 
genomic hy-bridization (aCGH) (Figures S9A and S9B) and 
droplet digi-tal PCR on parental samples (Figure 3C), 

followed by ampli-
fication of the breakpoint junctions (Figures 3D and 3E), 
revealed two distinct deletions. In the maternal sample 
(BAB8733), deletion of a ~38 kb segment was mediated by 
NAHR between the highly homologous fifth introns of 
ATAD3B and ATAD3A (Figure 4A). The approximate break-
point junctions are located within chr1: 1,416,438

1,417,192 and 1,454,542 1,455,296 (hg19). Sanger 
sequencing showed a stretch of 754 bp with 100% identity 
at the breakpoint junctions, including an AluSx1 element 
(Figures S8B and S10A). In the paternal sample (BAB8734), 
deletion of a ~68 kb segment was mediated by NAHR 
between the highly homologous region spanning exons 7 
and 11 in ATAD3C and ATAD3A, respectively (Figure 4). 
The approximate breakpoint junctions are located within 
chr1: 1,391,287 1,392,247 and chr1: 1,459,379 1,460,339 
(hg19). Sanger sequencing revealed a stretch of



Figure 3. Compound Heterozygous Copy Number Variation in Family 7
(A) Miropeats alignment of the ATAD3 region indicates homology of the three ATAD3 paralogs. ATAD3C reference sequence is indicated
in red, ATAD3B reference sequence is indicated in green, and ATAD3A reference sequence is indicated in blue.
(B) Target Z scoreof PCA normalized readdepths for 44 exon targets of the threeATAD3genes.Comparative readdepthdataobtained from
2,634WES samples are shown in gray (clinical collection). Family 7, II 1 is shown in red. Target Z score of PCA normalized read depths for
16 exons (x axis) spanning portions of ATAD3B and ATAD3A have large negative Z scores (y axis), indicating a copy loss of both alleles.
(C) Droplet Digital PCR (ddPCR) detected a larger heterozygous deletion in BAB8734 (father) than the heterozygous deletion in BAB8733
(mother). Primer pairs targeting various exonic or intronic regions of ATAD3C, ATAD3B, and ATAD3A and a control primer pair targeting
RPPH1were used to perform ddPCR in BAB8733 (mother), BAB8734 (father), and a control individual N/A10851. RPPH1 is a gene known
to have exactly two copies in the human genome. Ratios of concentrations of positive droplets were plotted for each amplicon tested
against the control individual. For a region without deletion, the expected ratio is ~1, whereas for heterozygous deletion, the expected
ratio is ~0.5 (one deleted copy number versus two copies). Corresponding rawdata of ddPCR and primer sequences are shown in Table S1.
(D) Schematic of primer design targeting maternal and paternal deletions and wild type alleles. PCR amplicons indicating segregation of
maternal deletion allele (F1/R1) and paternal deletion allele (F3/R3). Note that proband (BAB8780) lacks wild type allele amplified by F2/
R1 but does have wild type allele amplified by F3/R4 since the latter is positioned outside the maternal deletion and can be amplified
from this allele.
(E) Results of PCR breakpoint analysis. Proband inherited both the maternal and paternal deletions.
960 bp with 99.7% homology at the breakpoint junction 
and 273 bp with 100% identity (Figure S10B). The paternal 
deletion was not found in 100 population-matched white 
controls, as evaluated by breakpoint junction PCR (data 
not shown). The proband inherited both deletions (Figure 
3E), presumably leading to loss of both functional copies of 
ATAD3A. A heterozygous deletion similar to that observed 
in the mother was identified previously in 1/ 15,767 
individuals (dbVar: nsv545010),51 and a heterozy-gous 
deletion similar to that of the father spanning from 
ATAD3C to ATAD3A was present in 13/873 (~1.5%) indi-
viduals (dbVAR: dgv2e212).52 The latter frequency suggests 
that homozygous or compound heterozygous deletions of 
ATAD3A may be a source of morbidity in humans. This 
outcome may be under-recognized, perhaps due to 
genomic complexity at the locus, issues with the ability
to uniquely map sequencing reads to the reference 
sequencing reads because of the presence of the gene 
family at this locus, poor coverage on some clinically avail-
able aCGH platforms, and small size of these intergenic 
deletion CNVs.

We also identified a subject (BAB761) with an apparent 
homozygous deletion of ATAD3C and ATAD3B, not 
involving ATAD3A and confirmed by aCGH and ddPCR 
(Figures S9C, S9D, and S11). BAB761 had previously been 
assigned a clinical and molecular diagnosis of Smith-Mage-

nis syndrome (SMS [MIM: 182290]), associated with a sec-
ond, heterozygous deletion on chromosome 17p11.2 en-
compassing RAI1 (MIM: 607642).53 Hence, we concluded 
that homozygous deletion of ATAD3C and ATAD3B does 
not have a substantial impact on phenotype and narrowed 
the critical region for the ATAD3 locus to ATAD3A.



Figure 4. CNVs in Family 7 Are Mediated by NAHR
(A) Homologous exons of the three ATAD3 genes are represented by similar colors. The deletion in BAB8733 (mother) is mediated by
nonallelic homologous recombination (NAHR) between the fifth introns of ATAD3B and ATAD3A.
(B) The deletion in BAB8734 (father) is mediated by NAHR between the region of exon 7 of ATAD3C and exon 11 of ATAD3A.
(C) The boundaries of both deletions are represented by dotted lines.
The Fly p.Arg534Trp Variant Causes a Dramatic Loss of 
Mitochondria in Flies
To functionally evaluate the potential pathogenicity of the 
recurrent de novo p.Arg528Trp variant, we generated 
trans-genic flies harboring a wild-type or variant UAS-

cDNA copy (p.Arg534Trp, equivalent to human 
p.Arg528Trp) of bor, the fly homolog of ATAD3A (UAS-
borWT and UAS-borR534W). This allowed us to drive these 
cDNA with tissue-specific Gal4 drivers. Ubiquitous 
expression of borR534W (tub- or Ubi-Gal4 > UAS-borR534W), as 
well as pan-neuronal (n-syb-panneuronal-Gal4 > UAS-
borR534W) and motor neuron-spe-cific (D42-motorneurons-

Gal4 > UAS-borR534W) expression, all caused lethality, 
whereas borWT expression (tub-, Ubi-Gal4, n-syb-
panneuronal-Gal4, or D42-motorneurons-Gal4 > UAS-borWT) 
did not affect viability or cause any other obvious 
phenotype (Figure 5A). Muscle-specific expression of 
borR534W (C57-muscles-Gal4 > UAS- borR534W) led to ~90%
lethality (Figure 5A). Hence, borR534W expression causes 
dra-matic reductions in survival when expressed in all 
neurons, motor neurons, or muscles, suggesting that the 
protein is highly toxic. It may therefore act as either a 
dominant-nega-tive or a gain-of-function mutation.

At the cellular level, we noted that motor neurons ex-

pressing borR534W exhibited a dramatic reduction in mito-
chondria in cell bodies in the ventral nerve cord (VNC), 
axons, and synaptic boutons (Figures 5B 5E), suggesting 
that expression of the variant severely affects mitochon-

drial biogenesis54 or mitochondrial dynamics, leading to 
mitophagy. When expressed specifically in larvae body 
wall muscles, the signal intensity of the mitochondrial 
marker ATP5A in borR534W-expressing muscles was signifi-
cantly reduced when compared to borWT-expressing mus-

cles or wild-type controls, consistent with our observation 
in motor neurons (Figures 6A and 6C). Transmission elec-
tron microscopy (TEM) revealed that muscles expressing 
borR534W contain very few small mitochondria with highly 
aberrant cristae (Figure 6B, arrowheads) and display a sub-
stantive increase in autophagic intermediates (Figure S12). 
In contrast, overexpression of borWT resulted in an increase 
in the number of large elongated mitochondria (Figures 6B 
and 6D). These data indicate that BorWT promotes fusion or 
inhibits fission, or affects both, whereas BorR534W in-hibits 
fusion or promotes fission.
Fibroblasts from individual II-2 in family 1 at age 9 years 

showed a significant increase in mitophagy (Figures 6E, 6F, 
and S13) and a reduction, though not significant, in mito-

chondrial content (Figure S14). In conjunction with the fly 
data, this indicates that the p.Arg528Trp variant interferes
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Figure 5. Expression of Drosophila
ATAD3A Ortholog bor with p.Arg534Trp
Leads to a Decrease in Mitochondria in
Motor Neurons
(A) Effects of expression of wild type bor
and borR534W, driven by different Gal4
drivers, on viability.
(B) Confocal micrographs of ventral nerve
cord (VNC), axons, and boutons from
third instar larvae carrying D42 Gal4
and UAS mito GFP (green) together with
UAS empty (control), UAS borWT, or UAS
borR534W. Neurons are labeled by HRP
(blue) and boutons by Dlg (red).
(C) Quantification of mitochondrial den
sity in VNC neuropil in control, UAS
borWT, or UAS borR534W larvae carrying
D42 Gal4, UAS mito GFP together with
the respective vectors.
(D and E) Quantification of mitochondrial
volume in axons (D) and in boutons (E) of
larvae carrying D42 Gal4, UAS mito GFP
together with UAS empty, UAS borWT, or
UAS borR534W.
(C E) Error bars indicate standard error of
the mean (SEM). p values were calculated
by Student’s t test. *p < 0.05, ***p <
0.001. N.S. indicates not statistically
significant.
with mitochondrial dynamics by either promoting fission 
or inhibiting fusion, which in turn may trigger mitophagy.

To assess the loss-of-function phenotypes associated 
with bor, we performed TEM on first instar larvae that lack 
bor just prior to their death and identified a dramatic 
decrease in mitochondrial content, similar to overexpres-
sion of BorR534W (Figures 6G and 6H). Given the similar-

ities between the phenotypes associated with the loss of 
function of bor and the overexpression of borR534W, we pro-
pose that BorR534W acts as a strong dominant-negative mu-

tation. This is supported by our finding that steady-state 
levels of ATAD3A protein in fibroblasts of the proband in 
family 4 are comparable to controls, when assayed both in 
total lysate and in crude mitochondria (Figure S15).
Discussion

We report eight individuals from seven families with 
monoallelic or biallelic variation involving both SNVs 
and CNVs at the ATAD3A locus, all presenting with a 
primarily neurologic disease. The clinical syndrome
associated with the recurrent de

novo c.1582C>G variant, observed

in five families, manifests within

a phenotypic and metabolic spec-

trum including global developmental

delay, hypotonia, optic atrophy,

axonal neuropathy, hypertrophic car-

diomyopathy, lactic acidosis, and/or

increased excretion of Krebs cycle
intermediates. Several of these features overlap with phe-
notypes associated with other mitochondrial fission and 
fusion proteins (Figure S5), as exemplified by DNM1L 
(severe developmental delay, optic atrophy, peripheral 
neuropathy, lactic acidemia [MIM: 614388]),10,11 MFN2 
(axonal peripheral neuropathy and variable optic atrophy 
[MIM: 609260]),5,7 OPA1 (optic atrophy, variable periph-
eral neuropathy,8 and recently described hypertrophic 
cardiomyopathy [MIM: 165500 and 125250]),9 and 
SLC25A46 (axonal peripheral neuropathy and optic atro-
phy [MIM: 616505]).13

The recurrence of the de novo c.1582C>T variant in five 
distinct probands is likely attributable to a mutational hot-
spot at a CpG dinucleotide.41–43 However, it is unclear 
from this initial study whether this is the only variant that 
can lead to a dominant phenotype, or if the bias is due to 
the CpG mutational hotspot. Three of the most highly 
mutable nucleotides known in the human genome are at 
CpG sites (FGFR3 [MIM: 100800], DMD [MIM: 310200], 
and FGFR2 [MIM: 101200]),55 with two more recent 
examples (KCNC1 [MIM: 616187]56 and PACS1 [MIM: 
607492]).57



Figure 6. Expression of Drosophila ATAD3 Ortholog bor with p.Arg534Trp Variant in Muscle Causes a Decrease of Mitochondria
(A) Confocal micrographs of muscle from third instar larvae carrying C57 Gal4 together with UAS empty (control), UAS borWT, or
UAS borR534W. ATP5A (green) labels mitochondria. Phalloidin (red) labels actin. Scale bars represent 10 mm.
(B) TEM of muscle from third instar larvae carrying C57 Gal4 together with UAS empty (control), UAS borWT, or UAS borR534W. Scale bars
represent 500 nm.
(C) Quantification of ATP5A signal intensity inmuscle of larvae carryingC57 Gal4, together withUAS empty,UAS borWT, orUAS borR534W

from confocal images (A).
(D) Quantification of mitochondrial length in muscle of larvae carrying C57 Gal4, together with UAS empty, UAS borWT, or UAS borR534W

from TEM images (B).
(E) TEM of fibroblasts from an affected individual (BAB8644, ATAD3Ap.R528W/þ) and control (ATAD3Aþ/þ) fibroblasts. Scale bars represent
500 nm.
(F) Quantification of mitophagic vesicles (E, arrows) among all vesicles in affected (BAB8644, ATAD3AR528W/þ) and control (ATAD3Aþ/þ)
fibroblasts.
(G) TEM of muscle from first instar larvae for bor mutants (borc05496/Df (3R)Excel7329) and control (borc05496/þ). Scale bars represent
500 nm.
(H) Quantification of mitochondria per area in bor mutants (borc05496/Df (3R)Excel7329) and control (borc05496/þ).
(C, D, F, H) Error bars indicate SEM. p values were calculated by Student’s t test. *p < 0.05. ***p < 0.001. N.S. indicates not statistically
significant.



The features associated with the biallelic SNV identified 
in two siblings include ataxia, epilepsy, and congenital cat-
aracts, while the compound heterozygous CNVs conferred 
a more severe phenotype of respiratory insufficiency at 
birth, cloudy corneas, hypoplastic cerebellum and brain-
stem, and seizures. Monoallelic and biallelic pathogenic 
variation at a single locus has been observed for numerous 
genes, including mitochondrial genes (e.g., OPA1 [MIM: 
605290], SLC25A4 [MIM: 103220], AARS [MIM: 601065], 
EMC1 [MIM: 616846], MAB21L2 [MIM: 604357], and 
NALCN [MIM: 611549]).9,58–63 There is often a difference 
in severity of phenotype between the monoallelic and bial-
lelic forms of disease, although in many cases, the same or-
gan systems are involved. In the case of ATAD3A, there is 
primarily involvement of the nervous system and the eye 
in both monoallelic and biallelic forms.

The ExAC constraint metric for loss of function is 0.04, 
indicating a high tolerance for heterozygous loss-of-func-
tion alleles. Indeed, individuals harboring a heterozygous 
deletion involving the ATAD3 genes (i.e., parents in fam-

ily 7) are unaffected. These data suggest a dominant-nega-

tive pathogenic mechanism or a gain-of-function mecha-

nism for the recurrent de novo variant rather than 
haploinsufficiency. The data from Drosophila show that 
overexpression of a wild-type cDNA, one form of a gain-of-
function experiment, does not affect viability and leads to 
an expansion of mitochondrial size. However, expression 
of the de novo variant in many tissues in flies is toxic and 
leads to death. The observed phenotype in these tissues 
phenocopies the null mutant and yields effects opposite to 
those seen with overexpression of the wild-type cDNA. 
Hence, experimental evidence indicates that ATAD3A 
p.Arg528Trp behaves as a dominant-negative, or antimor-

phic, allele. This conclusion is supported further by the 
pro-posed oligomeric formation of ATAD3 proteins.15

Although most species have only one ATAD3 gene locus, 
primates have three ATAD3 paralogs (ATAD3A, ATAD3B, 
ATAD3C), which appear to have evolved by duplication of 
a single precursor gene. In humans, the three genes are 
located in tandem on chromosome 1p36.33 (Figure 1E). 
Multiple isoforms of the three ATAD3 genes are generated 
by transcriptional and post-transcriptional events. The 
major ATAD3A isoform, p66, is ubiquitously expressed, 
whereas the major ATAD3B isoform, p67, was specifically 
detected in embryo muscle, placenta, and adult brain and 
heart. ATAD3C is missing four exons as compared to 
ATAD3A, suggesting that it may be a pseudo-gene. In the 
mouse, a single Atad3 gene is located on mu-rine 
chromosome 4 and encodes a major ubiquitous iso-form 
and several smaller tissue- and/or temporal-specific 
isoforms.23 ATAD3 function is essential in the mouse for 
early post-implantation development. ATAD3-deficient 
embryos die around E7.5 due to growth retardation and a 
defective development of the trophoblast lineage; hetero-
zygotes seem unaffected.22 Given the severe phenotype 
and respiratory insufficiency of family 7, II-1, it may be sur-
mised that biallelic deletions involving ATAD3A will lead
to fetal demise. The potential salvage of lethality in this in-
dividual during development by a theoretical fusion pro-
tein extending from ATAD3B to ATAD3A and under con-
trol of the ATAD3B promoter, active during embryonic 
development,23,64 warrants further investigation. More-

over, the potential embryonic lethality of the homozygous 
~68 kb ATAD3C-ATAD3A allele could distort Mendelian 
ex-pectations despite the observed relatively high (~1.5%) 
car-rier frequency in the white population.
ATAD3A has two coiled-coil domains with high oligo-

merization probability within the N terminus, followed by 
a predicted transmembrane segment in the central part of 
the molecule and a conserved ATPase domain in the C 
terminus (Figure 1E).15,23 Oligomerization of ATAD3A 
monomers is further supported by findings showing that 
other AAA proteins assemble as hexameric rings.65 Studies 
in human U373 cells demonstrated that defective ATP-
binding ATAD3A mutants interfere with normal oligomer 
functions and lead to fragmentation of mitochondria.15 In 
the current study, we observed a dra-matic loss of 
mitochondria in motor neurons of transgenic mutant flies 
(Figures 5B 5E), highly aberrant mitochon-drial 
morphology, and an increase in autophagic interme-diates 
in the fly muscle (Figure S12). Moreover, overexpres-sion 
of wild-type bor resulted in an increased number of large 
elongated mitochondria (Figures 6B and 6D) whereas TEM 
of homozygous null flies showed a dramatic decrease in 
size and number of mitochondria (Figures 6G and 6H). 
Finally, fibroblasts from an affected individual harboring 
the p.Arg528Trp variant showed a significant increase in 
mitophagy (Figures 6E, 6F, and S13) and a reduction, 
though not statistically significant, in mitochondrial 
content (Figure S14). The aggregate data suggest that the 
production of small aberrant mitochondria probably re-
sults in increased mitophagy and a significant reduction of 
mitochondrial content. The molecular mechanisms 
remain to be elucidated.
In summary, we have identified monoallelic and biallelic 

variation involving both SNVs and CNVs at the ATAD3A 
locus. We propose that the dominant p.Arg528Trp variant 
disturbs ATAD3A function by a dominant-negative 
mechanism, while the recessive CNVs lead to infantile 
lethality through loss of ATAD3A function. These data sug-
gest an allelic series with decreasing severity: c.1582C>T 
(p.Arg528Trp) (antimorph) > ATAD3A deletion CNV (null) 
> c.158C>T (p.Thr53Ile) (hypomorph). The previ-ously 
described function of ATAD3A in mitochondrial dy-

namics and its co-immunoprecipitation with MFN2 and 
OPA1, in conjunction with the phenotypic and functional 
data presented herein, indicates that ATAD3A is essential 
in humans.
Accession Numbers

The ClinVar accession numbers for the DNA variant data reported 
in this paper are SCV000267601, SCV000267602, SCV000267603, 
and SCV000267604.
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